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Preface 


This series of report s^ entitled MATLCXj Program in FORTRAN j 
summarizes the formulation of BVMF in a practical manner in 
the form of FORTRAN statements of our BVMF techniques. They 
closely follow the theoretical approaches developed in Lecture 
Series 2 and 3. The first three parts will deal with the 
subprograms that are required for working out atomic statements 
in SKS logic, quantifier logic, and general logic dealing with 
the theory of relations. 

Part I contains two subprograms BVMF and SNSLOG dealing 
respectively with the basic notation and algorithms of BVMF 
in general, and their application to BA-2 algebra as adopted for 
SNS logic. Part II will contain the extension of this to BA-3 
algebra required for quantifier logic, and Part III to general 
m X n matrices required for multivalued logic adopted for the 
general theory of relations. 

It is believed that the subroutines included in these 

reports are fairly exhaustive and are sufficient to work out 

problems in propositional calculus and in predicate calculus. 

A number of exan5>les are worked out^ using the program. In fact, 

the conclusions derived from these examples are interesting ajw/ 
even 

have/led to further refinements of the basic Boolean algebraic 
theoryjVj^ the vector-matrix formalism, of logic. 
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.qiimm^r y of FORTRAI-j formulae for the prof;ram MATLOG 

The program will consist initially of four parts, 
namely BVMF, SNSLOG, QLOGIC and GLOGIC. 

1. BVMF 

(a) BA~1 algebra 

In FIATLOG we use only Boolean variables and constants 

having the tv;o values 1, 0 denoted by the symbols B1, B2. 

Variables in BA-1 algebra will be denoted by BA, BB, etc., 

Four basic functions are employed, namely BSUM, BPEQ?, BBQU, 

BCMP corresponding to the binary relations a 0 b = c, 

and the ynafy relation 

a CX) b = c, a<^=»^b = c,^ a = b respectively. The essence 

of the FORTRAI’I formulae for these is as follov/s: 

Boolean sum 

BSUM (BA, BB) = BA + BB 

IF BA • AI'iD . BB = 1 , BC = 1 

Boolean product 

BPDT (BA, BB) = BA * BB 

Boolean equivalence BEQU(BA,BB) = BC 

IF BA . EQ . BB , BC = 1 
ELSE BC = 0 

Boolean complement BCMP(BA) BB 

BB := 1 -BA 
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(b) Vectors 

Vectors are indicated in general by GVA,M , GVB,M , etc 
where G stands ior "general" , V stands for "vector" and 
M stands for the number of components in the vector • Thus, 
GVA(I) , I = 1, MI are the components of GVA,MI . 

For the particular cases of MI = 2 and 3 (namely 3JMS 

algebra and quantifier algebra) , the vectors are denoted by 

SVA and QVA for the two cases of MI = 2, 3 and MI is not 

explicitly mentioned, but is indicated by the letters S*''aihd Q 

name of the 

at the beginning of the/variable ^ or function^ as the case may be. 

(c) Matrices 

These are indicated by G]yiZ,M,N etc., where G denotes 
a general M x K matrix, the letter M stands* for "matrix" 
and Z is the name of the matrix. The parameters M, N are 
the dimensions of the matrix so that 

GMZ(I,J), , I = 1, M, J = 1, N 

represent the components of a general matrix GMZ,M,N 

In this case also, if G is replaced by S or Q ? then 
M = N = 2 or 3 as the case may bejand the matrix refers to 
SNS algebra and quantifier algebra respectively. 
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(d) Constants In SNS and QL algebra (Revised 22,6,8? 

There are lour constants (truth values) in SNS indicated 
by SI, S2, S3, S4 standing for the vectors (1 O), (0 1), (l 1), 

(O 0) respectively, for the truth values T, F, D, X respectively. 

Similarly, in quantifier algebra, Q1 to Q8 will represent 
the eight possible quantifier states (constants) in BA-3 algebra. 

The convention we shall follow is what has been adopted in our 
BVMF as given below. 


Logical 

symbol 

FORTRAN 

symbol 

Name 

BA-3 

vector 

Logical 

symbol 

FORTRAN 

symbol 

Name 

BA-3 

vector 

V 

Q1 

•ALL* 

(1 0 0 ) 

4 

05 

•NEX* 

(0 0 1 ) 

A 

02 

•NAL* 

(0 1 1 ) 

3 

06 

•EXS* 

(1 1 0 ) 

1 

03 

•SOM* 

(0 1 0 ) 

A 

07 

•IND* 

(1 1 1 ) I 

0 

04 

•AON* 

(1 0 1 ) 

0 

08 

• IMP ** 

(0 0 0 ) I 


♦This will be changed to *XXX* in Part IV . 
■Ce) Logic al connectives in SNS and QL 


The ten possible logical connectives in SNS are denoted by 
SMA,SK,SL; SM0,SK,SL; SME,SK,SL; standing respectively for the 
matrices A(k, ^), 0(k, ^) , E(k, ^), k,^* 1, 4, A similar 
notation is adopted in QLOGIC, namely 

QMA,QK,QL; (M0,QK,aL; QME,QK,QL; QM2,QK,QL standing for , 

“ ■! » 8 

The subprograms in SNS for developing these matrices are given 
in the appropriate sections below. There are four different A's, 
and four different O's, while only two different E's are present, 
making in all the ten possible logical connectives. 
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2. SMSLOG 

(a) Algebraic OTjerators 

In this section, we shall write the various functions 

which are of value in SNS logic, They~are given names that 

are suitable for both logical as well as algebraic purposes^ 

and a general notation extendable to QLOGIC and GLOGIC 

is followed. However, the idea is that for 

these values as such 

M = N = 2,or 3, the subroutines .are written for /without 
them 

generalizing / to all values of M and N, These simple 
subroutines define the functions in these two subprograms 
and they will be generalized later for GLOgIC , Those required 
in SNSLOG are as follov/s. 

(i) Boolean sum of tv/o v ectors a = c ((^s= U = union) 

3UNI0W (SVA,SVB) = SVC 
BSU1«I (SVA(i) ,SVB(1))= SVC(l) 

BSUM (SVA(2),SVB(2)) = SVC(2) 

(ii) Boolean product of two vectors a ^b = c (^)s v = vidya) 


SVIDYA(SVA,SVB) = SVC 

BPnr(svA(i) ,svB(i))= svc(i) 

BPnr(SVA(2),SVB(2))= SVC(2) 
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(lli^ Boolean complement of 3 NS vector ^ 

SCOMP(SVA) = SVB 
BCMP(SVA(1)) « SVB(1) 

BCMP(SYA(2)) = SVB (2) 

(iv) Boolean sum of two matrices P®Q = | 

SMXSUM(SMP,SMQ) » SMR 

BSUM(SMP(I,J) , SMQ(I,J)) = SMR(I,J), I, J - 1, 2 

(v) Boolean product of two matrices P ® g “ § 

Replace SMXSUM in (iv) by SMXPDr. and BSUM by SPHT 

c 

(vi) Boolean complement of a matrix operator P * Q 

SMXCMP(SMP) . SMQ 
BCMP(SMP(I)) » SMQ(I), I • 1, 2 

(vii) Scalar product of two vectors <;;a I b])>- = c = a^ ® b<^ 0 a2 

SSCPDT(SVA,SVB) « BC as above^ 

BC = BPDT(SVA(1),SVB(1)) 

BC s BSUM(BC,BPDr(SVA(2),SVB(2)) 

(viii) U nary product of a vector with a matrix 
I Z I s ^ j j 2^^ c b^ 

SUNPDT(SVA,SMZ) « SVB 
SVB(J) - 0 
Do I,J » 1, 2 

SVB(J) « BSUM(SVB(J),BPDr(SVA(l),SMZ(l,J))) 

(This is used for finding the output of a unary relation in SNS. 
In BVMF, in general, it is the matrix product of a 2-vector 
with a 2x2 matrix.) 
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(■Jj^Binary pradUQt ol a matrix with two vectors <^a|Zlb>» c 

SBIMPr(SVA,SMZ,SVB) « BC 
SVAP « SUNPnP(SVA,SM2) 

BC . SSCPDT(SVAP,SVB) 

(x) Matrix product of two matrices : ^ ® - R^j^ 

i) 

SMATPTCSMP,SMQ) « SMR 
SMR(I,K) = 0 
DO I,J,K « 1, 2 

SMR(I,K) « BSUM(SMR(I,K), BPDT(SMP(I,J) , SMQ(J,K)) 

(This is used ior the successive application ot implications 
in particular and ol matrix operations in general). 

(xi) Direct product oi two vectors : a X b = Z 

SDIRPT(SV'A,SVB) « SMZ 

SMZ(I,J) - BPDT(SVA(I),SVB(J)), I,J « 1,2 

(xli) Direct sum of two vectors : | ^ • I ^ 

SDIRSM(SVA,SVB) = SMZ 

SMZ(I,J) » BSUM(SVA(I),SVB(J)), I,J . 1,2 

(xlll) Direct eouivalence of two vectors : (g ^ b) *2 

SDIREQ(SVA,SVB) » SMZ 

SMZ(I,J) - BEQU(SVA(I),SVB(J)), I,J <r 1,2 

(xiv) Scalar vector direct product a X b »= c 


SSVDPT(BA,SVB) « SVC 

SVC(I) - BPDT(BA,SVB(I)), I « 1, 2 
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(d) Constants In SNS and QL algebra (Revised 22,6*8? 

There are lour constants (truth values) in SNS Indicated 
by S1, S2, S3, S4 standing lor the vectors (1 0), (0 1), (l 1), 

(O 0) respectively, for the truth values T, F, D, X respectively. 

Similarly, in quantifier algebra, Q1 to Q8 will represent 
the eight possible quantifier states (constants) in BA-3 algebra. 

The convention we shall follow is what has been adopted in our 
BVMF as given below. 


Logical 

symbol 

FORTRAN 

symbol 

Name 

BA-3 

vector 

Logical 

symbol 

FORTRAN 

symbol 

BA-3 

Name vector 

V 

Q1 

•ALL* 

(1 0 0) 

$ 

05 

•NEX* (0 0 1) 

A 

02 

•NAL* 

(0 1 1) 

3 

06 

•EXS* (1 1 0) 

1 

03 

•SOM* 

(0 1 0) 

A 

07 

•IND* (1 1 1) 

0 

04 

•AON* 

(1 0 1) 

0 

08 

'IMP'* (0 0 0) I 


♦This will be changed to *XXX* in Part IV , 
■Ce) Logic al connectives in SNS and QL 


The ten possible logical connectives in SNS are denoted by 
SMA,SK,SL; SM0,SK,SL; SME,SK,SL; standing respectively for the 
matrices A(k.^), g(k, i), E(k,i), 4. A similar 

notation is adopted in QLOGIC, namely 

QMA,QK,(aL; QM0,QK,QL; QME,QK,a; QM2,QK,QL standing for Z(k £) 

jk» ■ 1 , 8 

The subprograms in SNS ior developing these matrices are given 
In the appropriate sections below. There are four different A's, 
and four different O's, while only two different E's are present 
making in all the ten possible logical connectives. 
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“general* logic. However, in GLOGIC, we have to specify 
also the values of M and N for matrices and vectors. The 
list of these Boolean algebraic formulae will be given in 
Parts 2 and 3, and they follow very similar patterns in 
QLOGIC and GLOGIC as those stated above for SNSLOG, However, 
in the application of these formulae to obtain various results 
of significance in logic per se . as distinct from algebra in 
BVMF, the formulae are slightly different for the three cases 
of SNS (BA-2), QL(BA-3) and general logic (BA-n). This is 
particularly so for the functions and definitions given below 
in subsection (b). 


(b) Logical operators 

(xvli) Logical connectives A(k, ^ ) , 0(k, -^) , E(k, ^), I(k,^) 
In an obvious notation these are representable in FORTRAN 


as follows. 

SMA,SK,SL 

SMO,SK,SL 

SME,SK,SL 

SMI,SK,SL 


SDIRPr(SK, SL) 
SDIRSM(SK, SL) 
SDIREQ(SK, SL) 
SDIRSM(SC(»IP(SK) , SL) 



MR-60 

.9, MATLOG. 

(Revised 23.6,8 

These formulae for the standard logical connectives 
for conjunction, disjunction, equivalence or negation, and 
implication, inquire only K and L equal to 1 or 2, However, 
they can be analytically continued, for K,L 3,^ also, for 
A(k, ■£) and 0(k, £), and hence to E(k, £) and I(k, £) , which 
covers all sixteen possible 2x2 Boolean matrices, as discussed 
in Lecture-2 Series-3, (see Tables 2 and 3.) 

(xvlil) Relative truth value of one term for another : 
t (a I b) » ( <a I b> , <a j b^» » (c^ , c^) 

SRELTV(SVA, SVB) « SVC 
SVC(1) * SSCPDT(SVA, SVB) 

SVC(2) = SSCP]]T(SVA, SCQMP(SVB)) 

The four truth values for g, namely T, F, D, X, correspond 
to the following inclusion properties of the vectors a and b . 

Mt m 

^ a is fully included in b, and has no 

intersection with 

F 4-^ a is fully included in and is not 
included in ^ • 

^ ^ i is partially included in b and is 
also partially included in b® . 

^ i is the null vector X * (0 O), which 

is not included in either b or 
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binary 

Si'IS truth value of the/ relatio n Z for iniputs a, b 
(iormula via contracted product ) for a F.eneral 2x2 matrix Z 


t(a Z b) “^(||2|b) - £ - C 2 ) , 

where c^ =<falZlb'^, C 2 ={a\Z^lb')> 


SSTV(SVA, SIIZ, SVB) = SVC 
SVC(1) = SBIKPT(SVA, SMZ, SVB) 

SVC (2) = SBINRr(SVA, SCOriP(SI'JZ) , SVB) 


This function S3TV is the general formula for the truth 
value of a SliS logical relation when v;e are given the four 
components of the 2x2 matrix Z corresponding to the connective, 
without specifying its logical nature as being 'and', 'or', 

'equ', 'imp' etc. This has been used in the previous programs, 
and IS generally valid also for uLOGIC and GLOGIC for all 
values of H, N. 


Hov.'ever, a variation of this function is given below 
as SSTV2^which can be used when the logical nature of the 
connective is specified as Z(k, v;ith Z = A, 0, E,or I, 
as the case may be. The corresponding 2x2 matrices are all 
direct sums, direct productSjOr direct equivalences^ of two 
2-vectorSj and therefore the formulae are simpler to manipulate, 
partic.ularly in GLOGie (see later)* 
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(yx) SNS truth value of a relation involving the connective 

gCk, '^) ior inputs a, b (See Lecture 4, Series 2, p.l of MR- 


SSTV2(SVA, SMZ, SVB) » SVC 


IF SMZ = SMA,SK,SL 

SVC(1) = BPDT^SCPDKSVA, SK) ,SSCRDI(SVB, SL;) 

SVC(2) = BSUM(SSCF1DT(SVA, SCOMP(SK) ) ;3SCBDT(SVB, SCQMP(SL)) 

IF SMZ = SMO,SK,SL 

SVC(1) » BSUM^SCPlDT(SVA, SK) ,SaCH3r(SVB, SL) ) 

SVC(2) = BPnr(SSCH)T(SVA, SCQMP(SK)),SSCFDT(SVB, SCOMP(SL)) 

IF SMZ = SME,SK,SL 

SKP * SCCMP(SK), SLP = SCOMP(SL) 

SVGA = SSTV2CSVA, SMA,SK,SL, SVB) 

SVCB = SSTV2(SVA, SMA,SKP,SLP, SVB) 

SVC(1) . BS0M(SVCA(1) ,SVCB(i )) 

SVC(2) « BPnr(SVCAC2),SVCB(2)) 

IF SMZ = SMI,SK,SL 

SKP » SCOMP(SK) 

SMZ » SMO,SKP,SL 


This subroutine is very much more in the spirit of 

straightforward 

HoTOver both "motioned la the subroutine. 

ana 3x3 matrices can occur for relationa +v. 

SSTV in (viv') V, ^ relations and the previous subroutr 

SSIV la (^Ix) vrtU have to be invoked in such cases. 
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(xxi) Output of unary relation for Z(k, 1 ) via relative 

truth value ; Z <s(-^ )| = h, Z-<X)or0 

SUNPrzCSVAjSMZ) = SVB 

IF SMZ » SKA,SK,SL 

BAP = SSCPDT(SVA,SK) 

SVB «= SSVDPr(BAP,SL) 

IF SMZ = SMO,SK,SL 

BAP = SSCPDT(SVA,SK) 

SVB = SSVDSM(BAP,SL) 

IF SMZ = SMI,SK,SL 

BAP = SSCPnr(SVA,SCOMP(SK)) 

SVB = SSVDSM(B^,SL) 

IF SMZ = SME,SK,SL 

SKP » SCOMP(SK) , SLP « SCOMP(SL) 

SVBA = SUNETZCSVA, SMA,SK,SL) 

SVBB = SUNPT2CSVA, SMA,SKP,SLP) 

SVB « StJNIONCSVBA,SVBB) 

Matrix-Boolean 

CxxliJ/hinarv operator "agree* g , for checking agreement 
of tvo SNS terms : (alG|b)= c 

SMBG(SVA,SVB) = SVC 

BCA a BEQU(SVA(1),SVB(1)) 

BOB a BEQU(SVA(2),SVB(2)) 


SVG(1) = BPDr(BCA,BCB) 
SVG(2) = BCMP(SVG(1)) 



.13. 
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(xxiii) Matrix-Boolean unary operators N, M, L 


These are simple operators, defined analogously to 
quantifier logic, which have been found to be useful in 
SNS algebra also. In an obvious notation these are 


SEQU(SVA) = SVB 

SVB(1) = SVA(1), SVB(2) = SVA(2) 

SNOT(SVA) » S\rB 

SVB(l) = SVA(2), SVB(2) = SVB(l) 

SCOMP(SVA) = SVB 

SVB(1) = BCMP(SVA(1)), SVB(2) = BCMP(SVA(2)) 

SELL ( SV A ) ss SVB 

SVB(1) = BCMP(SVA(2)), SVB(2) = BCMP(SVA( 1) ) 

Three of these operators are equivalent to those already 
defined earlier, namely 

SEOJ <$-^SME,S1,S1, SM)T.$=^SME,S1,S2, SCOMP 4-$. ( ii) 

However, the adoption of the names given here, employing siii5)ler 
definitions given above, makes the implementation of many 
problems simpler. In fact, even the analogous functions QEQU 
and QNOT arfe not definable in terms of aMZ,QK,QL in quantifier 


logic . 
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3.±-.Checklng__o.lJ;he suljroutlne in practical urol^lens 

The above list of subroutines In SNSLOGIC appear to be 
sufficient for all applications. A few problems are given 
below j Including routine testing of subroutines, which will 
both check these, as well as Illustrate their applications. 

In particular, the subroutines (l) to (xvi) for BVMF algebra 
are not checked as such, but their application in subroutines 
(xvli) to (xxiii) for SNSLOGIC is tested by working out truth 
tables and so on for logical derivations. 


Problem 1A 

Work out the 4x4 truth tables for the SNS truth values 
for a and b, 

T, F, D, X|^for the 16 possible matrix connectives each, of the 
types A(k,i), 0(k, -2), E(k, i) aadl(k, i). Do this by using 

fli B IS B 

(a) subroutine (xlx) — SSTV 

(b) subroutine (xx) — SSTV2 

and check the equivalence of each table obtained by employing 
the two functions SSTV and SSTV2, 

Print out the 4x4 truth values for the latter (SSTV2) for 
all of them and note the differences if any between SSTV and SSTV2, 
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Conclusions made from the output oi Problem 1A 

On checking ior discrepancies between the 4x4 truth tables, 

it was found that the 3x3 tables for the states T, F and D 

were completely in agreement^ while there could be disagreement 

if either of the inputs s(a) or s( b ) is X, (See Table 1 

in the next page 16 for typical examples.) It will be seen from 

the table that, when either a or b is X , the output truth 

value is also X ^ uniformly for all connectivet^with SSTV. 

.s , also 

On the other hand, it could/be either T or F with SSTV2. 

These two correspond to two different interpretations of the input 
state X B (O 0), namely, as corresponding to "absent information* 
for SSTV2jand "contradictory information" for SSTV. (This 
will become still clearer when we discuss QLOGIC, where the 
differences between BA-3 states being used for describing the 
eight quantifier truth values , and for describing multi- 
component sets of upto three terms by 3-vectors (a^ ag a^)^ 
becomes prominent. In the former case, (j) Indicates an impossibh' 
truth value, %rtiile|the latter case, it only indicates the 


non presence of ail the three terms in the set under consideration 
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Table 1 a Differences between SSTV and SSTV2 


Only the tables for A(1, 1), 0(1, 1), E(1, l) 

and I(l, 1) are given below, but the trend 

for all Z(k, i) is reasonably clear, (See Part 2) 


SSTV 

b T F D X 

a = 

T T F D X 

F F F F X 

D D F D X 

X X X X X 


SSTV2 

^ T F D X 

T F D X 

F F F © 

D F D ® 

X © @ X 


A(1, 1) = a A b 

© if § D s(2),fe«X 
or S 2 s(2),fl,=X 


a 

T T T T X 
F T F D X 
D T D D X 
X X X X X 


T T T (?) 
T F D X 
TDD© 
@ X @ X 


0(1, 1) = I Vb 

@ if a 2s(l),b=X 

or b 2 s(l), 


a 

T T F D X 
F F T D X 
D D D D X 
X X X X X 


T F D X 

F T D X 

D D D © 

X X © X 


E(1, 1) = a4=»b 

This has to be checked 
further after the two 
ways of defining E(k,X 
in Problem 4B^(y are 
worked out. 


a 

T TFDX TFDX I(l, 1) = a ^^b 

F TTTX TTT@ ='!§ V b 

D TDDX TDD© s(2),^«X 

X XXXX @X@X orbD s(l),a»X 
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Similarly, compare the outputs of SUNPHT and SUNPT2 for 
the unary relation a Z » b for all the connectives Z(k, £) 
k,^a 1 to 4, for Z « A, 0, I, E • 

Comment on the output of Problem 1B 

Just as for the con^arison between SSTV and SSTV2, in 
output ]j of the 

this case also, the/ two subroutines SUNPET and SUNPT2 agree^ 
for the three inputs /T, F, for all connectives Z(k, 
but for X as input, they do not agree sometimes. Some 
typical examples are given in Table 1B, 

It will be seen that the two agree for A(k, and E(k, 
and this is true quite generally. However, for ^(k, Z) and 
I(k, /)jfor X as input^ SUNPDT gives X as output j vdiile SUNPT2 
always gives as output. This is also explicable by the 

same considerations as mentioned above for Problem 1A. 

We shall give in problems 2 and 3 the way in which a set 
of sequentially implementable BVMF equations can be worked out 
in FORTRAN for MATLOG, The examples are taken from previous 


lectures. 
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Table IB: Differences between SUNPHT and SUNPT2 

Chosen examples are given below and a summary of 
the observations Is given in the text. The first 
columns correspond to SUNPDT and the second to SlINFr2 



A(l 

I, 1) 

A(1 

, 2) 

A(1 

i. 3) 

A(l, 4) 

T 

T 

T 

F 

F 

D 

D 

X X 

F 

X 

X 

X 

X 

X 

X 

X X 

D 

T 

T 

F 

F 

D 

D 

X X 

X 

X 

X 

X 

X 

X 

X 

X X 


0(1 

. 1) 

0(1 

. 2) 

0(1 

, 3) 

0(1, 4) 

T 

D 

D 

D 

D 

D 

D 

D D 

F 

T 

T 

F 

F 

D 

B 

X X 

D 

D 

D 

D 

D 

D 

D 

D D 

X 

X 


X 

® 

X 

® 

X X 


0(2 

. 1) 

0(2 

. 2) 

0(2 

. 3) 

0(2. 4) 

T 

T 

T 

F 

F 

D 

D 

X X 

F 

D 

D 

D 

D 

D 

D 

D D 

D 

D 

D 

D 

D 

D 

D 

D D 

X 

X 

® 

X 

® 

X 

® 

X X 


1(1 

. 1) 

1(1 

. 2) 

1(1 

. 3) 

1(1, 4) 

T 

T 

T 

F 

F 

D 

D 

X X 

F 

D 

D 

D 

D 

D 

D 

D D 

D 

D 

D 

D 

D 

D 

D 

D D 

X 

X 

® 

X 

® 

X 

® 

X X 


E(1 

. 1) 

E(1 

, 2) 

E(1 

, 3) 

E(1, 4) 

T 

T 

T 

F 

F 

D 

D 

X X 

F 

F 

F 

T 

T 

X 

X 

D D 

D 

D 

D 

D 

D 

D 

D 

D D 

X 

X 

X 

X 

X 

X 

X 

X X 
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Problem 2 

lake the argument given in Lecture-3, Series-3, pa^^e 20. 

The iormulae in BVMF and in FOPtERAI'I for MATLOG are civen belov. 


The output data are to be printed out in the format given, 

T, F for 

INPUr/sVA. SVB. SVC 

i A b = g SVG = SSTV2(SVA, SMA,S1,S1, SVB) 

2. c 0 b = h SVH = SSTV2(SVC, SM0,S1,S1, SVB) 

3. T = X" SVXPP = S1i^ 

4. g I = k SVK = SU1'JPLT(SVG, SkI,S1,Sl) 

5. h 1(1,2) = y SVY = SUNED1'(SVH, 3ni,S1,S2) 

6. S 4 is = SVXP = S3TV2(SVH, Si‘2l,S1,S1, SVK) 

7* s' J ^ SVX = SVIDYA(SVXP,3V}:PP) 

PRir^'T SVG, SVH, SVXPP, SVK, SVY, SVXP, SVX 
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The output as given bv the program for this problem is 
given below. It can be verified that it agrees con?)letely 
with the table given in Lecture-3 » Series-'3 for this problem. 


A 0 c G H Xpp K Y XP X 

TTt t t ttft T 

TTf TT TTF’T T 

tft ft TDFD T 

TFp FF TDDF X 

FTj FT TDFD T 

FTf ft TDFD T 

ffx ft tdfd T 

FFf FF TdDF X 

It SO happens that the only output. SVX. is either TjOr X. 
but this is not generally true. Also, note that the state D 
occurs as an intermediate output, e.g. for SVK.SVY and SVXP, 
and F occurs for all other intermediate outputs (SVXPP is an 
input). See the text of Lecture 3. Series 3 for further discussion. 
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Problem 3 

Coiislder the problem given in pages 34, 36 of Lecture-3,Seri'.'5 

The FORTRAI'I formulae are given/^^iS they have already been 
arranged for sequential implement at ion, with the six stages as 
marked . 


II>IPin‘S SVA1, SVA2, SVA3, 8VA4 

SVB1 = SUNPDT(SVA1, Sl'II,S1,Sl) (1.1] 

SVC1 « SSTV(SVA1, SM0,S1,S1, SVA2) (1,2| 

SVB2: = SIJKPD(r(SVA3, SMI,S1,S2) (I.3) 

SVD2P = SSTV(SVA3, SM0,S1,S1, SVA4) (I.4] 

S7C2 = SSTV(SVA2, SMA,S1,S1, SVB1) (2.1) 

SVD1 s SSTV(SVA3, SM0,S2,S2, SVC1) (2.2) 

SVD2P^ = SSTV(SVD1, SMA,S1,S1, SVB2) (3.1;;? 

SVE1P = SUI\IPDT(SVC2, SMI,S1,Sl) (3 2^ 


SVD2 = SVIDYA(SVD2P, SVD2PP) 

PRINT * ^ IF SYIDYA = X, STOP 
SVEIPP = SUNPDT(SVD2, SMI,S1,S1) 

3VE2 = SSTV(SVA4, SM0,S1,S1, SVD2) 
SVEl « SVIDYA(SVE1P, SVE1PP) 

PRINT ^ ^ * IF SVIDYA = X, STOP 

SVE s SVIDYA(SVE1, SVE2) 

PRINT ^ IF SVIDYA = X, STOP 


44.V, ^ printed out in the same manner as Problem 2 

with spaces between the different stages. 
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For ready reference, the classical logic equivalents 


of the MATLOG equations (1.1) to (6,l) 

CL-11 below. 

are given in CL-1 to 

a1 b1 

(CL-1) 

a1 V a2 4-^ c.1 

(a-a) 

a3 

(a-3) 

a2 A b1 c2 

(CL^) 

na3 V ncl <i-^d1 

(CL-5) 

-lg1 'Iba 

(CL-6) 

d1 A b2 d2 

(CU7) 

a3 V a4 <^i^d2 

(a-8) 

c2 ^ X 

(CL-9) 

d2 X 

(CL-IO) 

a4 V d2 X 

(CL-11) 


It should be noticed that CL-7 and CL-8 both have the same 
output 4^ , and should therefore be checked for consistency, 
and similarly, CL-9, 10, 11, all of which have the same output 
X, should also be tested for consistency. 

The logical graph of the CL statements^ and their modification 
in BVMF by including vidya checkSfls contained in Fig.1 on page 
21b. For further details Lecture-3» Serles-3 may be referred to. 



.21b. 



Fis.1. Logical graph correapondlng to 


the set of statements 


listed above. 
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Solution of Problem 3 


Just as in the case of Problem 2, for this problem also, 
the computer output fully substantiates the results worked out 
manually in Lecture-3, Series-3. The output is given in the 
next page. There is a small difference in the logical graph 
in that ^ is the input in (4.^^ instead of and there 
are minor differences as a consequence, but no changes in the 
occurrence of contradictions. The predictions made in 
Lecture-3, as to which of the 16 possible inputs will lead to 

contradictions, and which will not, are fully verified. 

for Problem 1, 

In view of the discussion given sHocfvei some additional 
problems in SMSLOG were worked out and are described below* 


4. Additional problems in SNgLOQ 

A fuller analysis of the differences between SSTV and 
SSTV2jand between SUNPUT and SUNPT2)Will be given in Part-3 
while dealing with GLOGIC^ after considering also similar 
differences found in QLOGIC and GLOGIC. In essence, the two 
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functions are not logically equivalent and therefore, not 
identical, hut they do not lead to any differences in the 
predictions for classical logic using BA-1 truth values. 

However, their difference becomes manifest in SNS and QLOGIC 
employing BA-2 and BA-3 algebra, and particularly so with 
m X n matrices in GLOGIC. A general discussion is given in 
Part 3, Section 5 , but we shall consider below two or three 
examples in the form of problems to illustrate the merits; 
and consistency, of the matrix formulation in SNS logic. These 
will be followed up for QLOGIC and later for GLOGIC. 

Problem 4A 

The following two equations (1) and (2) have been 
implicitly used in our studies with BVMF so far. A discussion 
of these will be given in Part-3, which will also indicate 
their limitations, as well as the conditions under ^ich they 
are valid. 


(a P b) V (a Q b) * a (P ® Q) b 

sc SK SB SB SB SB S3C SB SX BB 

<1) 

(a P b) A (a Q b) » a (P ® Q) b 

mmm m m m mm m m 

(2) 


The l.h.s of Eqs (1) and (2) are the disijunction and con;Junction 

respectively of the truth values of the relations g 

and a Q b, connecting two terms g and b via two different 
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relations P and Q, However, in BVMF, these can be converted 

Tt r 

into single relations a R b^and a R* b , respectively, with 

SSSI MS M SS j / 

E * P Q BXid R’ * P Q , and this can be 

verified^ for the inputs T and F for g and ^ ^ in all cases. 

Obviously, these are the only states that are valid in 

classifial logic^and it would appear as if the extension to 

SNSLOGIC in Eqs,(l) and (2) would be valid generally. However, 

a complete test of this, made by employing' the subrout Ines-dn 
this is not always true, 

MATLOG, indicate that/ This was done by using the following 
MATLOG equations for checking the validity of Eqs,(l) and (2), 

SSrV(SVA,SMP,SMB) « SWP 
SSrV(SVA,SMQ,SMB) « SWQ 

SSTV(SWP,SM0,S1,S1,SWQ) « SVR1 
SJaSUM(SMP,SMQ) s SMR 
SSTV(SVA,SMR,SVB) - SVR2 
SMBG(SVR1,SVR2) » SVG1 

SSTV(SWP,SMA,S1,S1,SVYQ) » SVR3 
SMXPETCSMPjSMQ) s SMRP 
SSTV(SVA,SMR§SVB) «. SVR4 
SMBG(SVR3,SVR4) « SVG2 

The cheoks to be made 


can be given as follows 
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Compare the 4x4 truth tables of SVR1 and SVR2, and of SVR3 

as inputs 

and SVR4, for T, F, D, X /for the truth values for SVA and 
SVB^ and print these^ as well as the truth values SVG1 and SVG2 
of the agreement between these, for the following pairs P,Q : 

A(1,1),A(1,2); A(1,1),A(2,1):A(1,1),A(2,2); A(1,1),A(1,3); 

S- Sp S S SI SS 

A(3,3),A(4,4)! 

g{2,l), 0(1,2); 0(1,1), 2(2,2) j 0(1 ,l) ,0(1,2) ; 0(3,1) ,0(3,2) ; 

0(1,3),0(1,A): 

E(l,l),E(l,2)i E(1,3),E(3,2): E(l ,4) ,E(2,l) j 

1(1,1) ,1(2,2): 1(1,2) ,1(2,1); A(1,1),0(1,1); A(2,1),2(1,2) 

0(1,2) ,A(1,1): 0(2,2),A(1,1); 0(3,4) ,A(1 ,2) ; 0(3,3), A(2,l) 

SSjB CSV CESS StW 



Some typical examples of the outputs obtained in the 
above tests are given below in Table 3* In all the outputs, 
wherever G1 or G2 is F, showing disagreement between the l.h.s 
and r.h.s of Eq,(l) or (2), a ring has been put round this 
entry* It will be noticed that the rings are very few and 
far between, but it would be highly desirable to obtain 
definite rules for identifying their occurrence. Therefore. 
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A B R1 R2 G1 H3 R4 G2 

IT TTT FFl 

IF TXT Ff X 

in DT@ DF© 

lx XXI XXT 

FT FFT FFT 

FF FFT FFT 

FO FFT FFT 

FX XXT XXT 

CT DDT FFT 

CF DOT FFT 

CO DDT DF© 

CX XXT XxT 

XT XXT XxT 

XF XXT XxT 

XD XXT XXT 

XX _<,XXT XxT 

DISACHIEE DISAGREE 



Table 3(a) 
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A R 
1 T 

a F 

1 D 
1 X 
f 1 
i F 
t n 

F X 
C T 
C F 

C n 
L X 
X T 
X F 
X n 
X X 


R1 R2 G1 
TIT 
F 
0 
X 
F 
1 
D 
X 
D 
0 
0 
X 
X 
X 
X 
X 


F 

0 

X 

F 

T 

D 

X 

0 

0 

0 

X 

X 

X 

X 

X 


T 

T 

T 

T 

T 

T 

T 

T 

T 

T 

T 

T 

1 

I 

1 


Ki R4 G2 
F F 1 
F 
F 
X 
F 
F 
F 
X 
f 
F 


F 

F 

X 

F 

F 

F 

X 

F 

F 

C 

X 

X 

X 

X 

X 


1 

T 

1 

I 

T 

T 

1 

T 

I 


F ® 
X I 
X I 
X T 
X I 
X I 


AGREE DISAGREE 
R - E(1, 1) 


1p1 


Q 




|R'l 


lo 

^0 

^0 

iO 


0> 

Oj 

0\ 

1; 

0"^ 

1j 


1e(1, 1)1 



Tatle 3(b) 
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A fi R1 R2 G1 R3 R4 G2 
at TTl Til 

IF T T t F F 1 

ID ITT Del 

lx X A T X X 1 

FT FFl FFl 

FF FFl FFl 

FD FFT FFl 

FX XXI XXl 

Cl DDl Del 

CF DDT FFl 

Cn DDT Del 

ex XXT XX 1 

XT XXT XXl 

XF XXT XXl 

XD XXT XXT 

XX XXT XXT 

AGREE AGREE 

P C Q 

Table 3(c) 



lISc Lib B'lore 
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G1 1B4G 



.C(2,l) . 0(1,2) 
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A B R1 R2 Cl K3 K4 G2 
IT TIT TTT 

IF TTT FFl 

in TTT DCT 

IX XXT XXT 

FT TTT FFl 

FF TTT TTl 

FD ITT CCl 

FX XXT XX I 

CT TTT De l 

CF TTT eel 

CO or© 0 c I 

ex XXT XXT 

XT XXT XXT 

XF XXT XXT 

XD XXT XxT 

XX XXT XXT 

DISAGREE AGREE 

R* »E(1, 1) 



Table 3(d) 
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B 

I T 


1 

3 

1 

(• 

I 

F 

F 

C 

c 


F 

D 

X 

T 

F 

D 

X 

T 

F 


C 0 
C X 
X T 
X F 
X D 
X X 


Pi K2 G1 
T T 1 
TIT 
ITT 
X T 
I T 
T T 

I © 


X 

I 

T 

0 

X 

T 

T 

0 

X 

X 

X 

X 

X 


© 


X T 
T T 
T 1 
T 

X T 
X T 
X T 
X T 
X I 


K3 R4 G2 
TIT 
I I T 
TIT 
X X T 
K T 
t T 

f © 

X T 
C 

c 
c 

X 
X 


F 

F 

D 

X 

D 

D 

D 

X 

X 


X X 
X X 


I 

T 

T 

T 

T 

T 

T 

T 
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Tattle 3(e) 





.32. 


X M 
1 T 
J F 
i n 
J X 
^ T 
t F 
t C 
t X 
L 1 
t F 

c n 

L X 
X T 
X F 
X 0 
X X 


HI H2 C. I 

T j. T 

x r r 

T r T 

X A '1 

K i- T 
X 1 7 

iJ D T 

X A I 

DOT 
T I I 

u D r 
X X T 
X X T 
X A I 
X A 1 
X A T 


H 3 K *4 2 

t t I 
i T X 

D L' X 

XXX 
X (■ X 

F f I 

F f X 

X A X 

F (■ X 

D C I 

0 r i 

A A X 

X A T 

X A T 

A A 1 

X A X 



AGREE AGREE 



P and Q have two 1's in 
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Table 3(1) 
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I Cl .2) 

A R 
I T 
1 F 
1 D 
1 X 
f T 
f F 
f D 
t X 
C T 
L* F 
C D 
C X 
X T 
X F 

X n 
X X 


. 112 . 1 ) 

nl K2 G1 
T T T 
T T T 
TXT 
X T 
T T T 
T T T 
T T T 
X X T 
T T T 
TXT 
D X 0 
XXX 
X X T 
X X T 
X X T 
XXX 


K3 R4 G2 
F F X 
X T X 
OCX 
X X T 
T 1 T 
F f X 
OCX 
X X X 
D C T 
DUX 
Del 
X X *X 
X X T 
XXX 
X X X 
X X X 

AGREE 

5 ' - 1 ( 1 . 2 ) 



Table 3(k) 
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A 

B 

FI 

R2 

G1 

K3 

H4 

G2 

1 

T 

T 

T 

T 

X 

I 

I 

1 

F 

T 

T 

T 

F 

F 

X 

1 

D 

T 

X 

X 

D 

C 

1 

1 

X 

X 

X 

X 

X 

X 

1 

F 

T 

F 

F 

X 

F 

F 

1 

f 

F 

T 

T 

X 

F 

F 

I 

f 

n 

0 

0 

T 

F 

F 

1 

f 
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X 

X 

X 

X 

1 

C 

T 

D 

0 

X 

D 

0 

1 

C 

F 

I 

T 

X 

F 

F 

X 

C 

D 

0 

0 

X 

D 

C 

1 

L 

X 

X 

X 

X 

X 

X 

X 


T 

X 

X 

T 

X 

X 

1 

> 

F 

X 

X 

X 

X 

X 

I 


D 

X 

X 

X 

X 

X 

I 

> 

X 

X 

X 

T 

X 

X* 

I 
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\p1 - 
!q1 . 
iRl i. 
lR*l - 



P 3 Q 

m n 


Table 3(h) 
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we shall first focus attention on those cases where there is 
coQ^lete agreement between the left- and right-hand sides 
of Eq.d), or (2). These are marked by the entry "Agree" 
below the corresponding table* On looking at these, it is 
found that the agreements occur only if one of the following 
three conditions occur : 

(a) The condition 1p131q1, \p1 C 1q1, is satisfied, 

when both sum and product agree. 

and Igt and Igli have two 1's 

(b) The condition I PI « Ig »is satisfied,/ when also 

both sum and product agree o 

(c) The matrix of the resultant operator R, or R* , 

is |e| opInI, in which case either sum or product 

agrees, vhlchever leads to the "equivalence^ operator 
E(k,f), k, 1,2* 

Very similar conditions are found to be true also in 
QLOGIC and still more generally in GLOGIC, for ^(k, and 
a theoretical ^Justification of these is given for the general 
case in Part 3« 

Thus, Eqs*(l) and (2) are not valid for SNS ti*uth values 
as a general rule, but only under the restricted conditions 
given in (a), (b), (c) above. However, as will be shown in 
Part 3, for "Boolean truth values" defined by the function 
BTV(SVA,SM2 ,sVB) 4=?>SBINPT(SVA,SM2,SVB) - SVC, which corresponds 
to the Boolean algebraic equation <C§lZl^>« c » BTV, the 

analogue of Eq*(l) using the Boolean sum is always true | while 

that of Eq*(2) employing the Boolean product is not necessarily 
true. 
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However, for the standard logical connectives E(* E(1, 1)) 

S SB 

and N * (= E(1, 2)), which can be defined both as conjunction 
and disjunction of relations involving A(k,-^) and 
both Eqs.(l) and (2) are valid. Thus, three different, but 
equivalent, definitions of E(1, 1) can be given, as in (3a), (3b) 
and (3c) below: 


E(1, 1) * |s(l)> ^ 6(1)1 

* A(1,1) ® A(2,2) 

- 0 ( 2 , 1 ) @ 0 ( 1 , 2 ) 


(3a) 

(3b) 

(3c) 


All of them lead to the same matrix as shown in 4(a,b,c). 

(4a) 
(4b) 

(4c) 

In fact, the general definition of E(k,X^) as SME,SK,SL holds 
in a manner very similar to Eqs(4a,b,c), as was verified by 
detailed computer checking via MAILOG using Eqs.(5a,b,c) below 
and the subroutine SSTV employing the BVMF binary product 
(||Z|b) = c • An algebraic checking of this, following the 
pattern in Eqs,(4a,b,c), is given in Table 4 below in the section 
dealing with comments on Problem 4B. 


E 

M 0 
\0 OJ 

1 0 
1 1 


1 

0 , 


= (1 0 ) 
fo 0 

vO 1 
1 1 
0 1 


0 

\.0 1 



f1 


) - 1 

lo 

i) 


n 


«s 

/ 

(0 
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This means that the ten standard connectives, A(k,/), g(k,-t),a 
|(k, i) 1) andEd, 2))canbe treated freely 

using the SSTV formalism without any difficulty. 

Probi!|em check this for all E(k, Z) with k, ^ « 1 to 4, 
the results given by three ways of defining the equivalence 
operator as given in Eq.(3) below, can be tested via the MATLOG 
statements following them. 


i(k, i) . 


<3(^)1 

(5 a) 

E(k,^) « 

A(k,i) @ 

1 4(k®, £=) 

( 5 ^) 

ECk, i) « 

g(k®i) (§ 

1 e(k , 

(5c) 


SVC1 « SSTV(SVA,SME,SK,SL,SVB) (4a) 

SVC2 = SSTV(SVA1,SM0,S1,S1,SVA2) (4b) 
where 

SVA1 « SS!PV(SVA,SMA,SK,SL,SVB) 

SVA2 * SSTV(SVA,SMA,SCOMP(SK),SCOMP(SL),SVB) 

SVC3 * SSTV(SVI1,SMA,S1,S1,SVI2) (4c) 

where 

SVI1 . SSTV(SVA,SMO,SCOMP(SK),SL,SVB) 

SVI2 « SSTV(SVA,SMO,SK,SCOMP(SL),SVB) 

Mate the check for all |(k,X), k,i- 1 to 4 and print 

them. Verify that the three values SVC1, SVC2 and SVC3 agree 
in each case e 
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Comments on Problem 4B 

It is found that the three different ways of defining 
E(k, £) f as in (5a), (5b) and (5c) % lead to identically the 

m ' 

same truth values for SVC1, SVC2 and SVC3 , for all k, £, and for 
all combinations of SVA and SVB, This can be seen even more 
clearly, from the matrix formalism viewpoint ,in Table 4, where 

the extension of the definition of E(k, -^),from E(1, 1) and 

E(1, 2)^ to all possible combinations of k, £ is illustrated. 

The three ways of defining E are given respectively in columns 
3, 2 and 4. It is very interesting to note that^ formallyjall the 
possible matrices of the type E(k, £) cover the eight 2x2 
matrices that are le ft ^ after considering A(k, ^) and 0(k, /) 
for k,/« 1, 2. It is also reassuring to note that the formal 
Boolean algebraic definition of the logical operators 4, 0 and E 
as Boolean direct product, direct summand direct equivalence) 
of SK and SL is completely valid in the extended BA-2 algebra. 
Problem 4C 

In a similar manner, the problem in 4B can be checked 
using SSTV2 formalism. However, in this case,Eq,(5a) has no 
description via SSTV2,and therefore only the possibilities (^ib) 
and (5c^ need be tested. This can be done by using analogous 
MATLOG statements as those given for Problem 4B, but rsplad^^ 
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Table 4 . Test of t he equivalence o£. dlf 

E(k, >^) in the extended BA-2 algebra, em ploying 

S iw— iww— * 

truth valu es T. F. D. 


k,^ 


|(k, £) 



(1. 1) 


fo o'! 

lO lj 

■ 


SIB 


(1, 2) 

c;)® 

(::) 

■ 

I 

■ 

■ 


(1, 3) 


/o o\ 

^0 o) 

(:;j 


h A 


(1, 4) 


fo o\ 

^1 1/ 

(::J 


(o 0 > 
^ V 

mm 

(3, 3) 


■ 

■ 


m 

|9fl| 

I^RRjjjl 

(3, 4) 

n ® I 

V ' 

r-..: , t= 

O O 

fo o\ 

[p oj 

( 

^0 0^ 
^0 0; 



*For k,^ equal to (3, 1) and (4, 1), the other two 

possible 2x2 matrices P and will be 

, \1 0^ , Vo 1/ 

similarly obtained tor the matrix |E(k, ^)j, 

t It may be verified that the condition (a)jor (c)^ 
derived from Problem 4A, is satisfied in all the 
cases, provided we also note that, for all P , 

(' 3 E ani pd/° 
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symbol SSTV2 by SSTV in all places. Calling these outputs 
lor (5b) and (5c) as SVC2P and SVC3P respectively, Problem 4C 
can be stated as follows. 

Make the calculation for all E(k, ^), k,^ *= 1 to 4 
with SSTV2 and print the results for SVC2P and SVC3P in each 
case. Check them for agreement. 

Comments on Problem 4C 

'll- 

The lull computer output has not been obtained yet, but 

the essential features are evident from a consideration, of 

the siaqple example of E ( 1 , 1 ) . It is found that the 4x4 

fully 

truth tables as given by SSTV and SSTV2 do not /agree, and 
what is more, the two different definitions in Eqs. (5b) and 
(5c) which can be programed in SSTV2 do not themselves fully agree 
with one another. Table 5 below contains the full 4x4 truth 
tables corresponding to Eq,(5a), using SSTV, and lor Eqs. (5b), 
(5c), using SSTV2. Although for T, F and D there is complete 
agreement between all three tables, the two entries lor 
(D, X) and (X, D) are completely different in the three cases — 
namely, equal to X lor SVC1, F lor SVC2P and T for SVC3P. Thus, 
it appears that the extension from classical logic into the 

^his has been obtained and will be discussed 
in the appendix to Part III, MR-62, (Added 10.9,87). 
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yable 5 . Compar^soii oi 4x4 'ti*uth ’tab les for E(1, 1) c ^Ic e d 
via the subroutine SSTV2 fo r SyC2P and SVC5P with 
that for SSTV 


SVC1* 

(in SSTV) 

T F D X 


SVC2P 
(in ssrv2) 

T F D X 


SVC3P 
(in SSTV2) 

T F D X 


T 

F 

D 

X 


T F D X 
F T D X 
D D D X 
X X X X 


T F D X 

F T D X 

D D D @ 

X X ® X 


T F D X 

F T D X 

D D D (t) 

X X ® X 


*SVC2 and SVC3 con^^letely agree with the table for SVCI. 


BA-2 algebra of SNSLOGIC is consistent only for the matrix 

formali^ and leads to inconsistencies if it is extended via 

truth values. Although the discrepancies occur only for the 

extremely artificial situation of the input and output being 

tautology (D) and contradiction (X) respectively, still, for 

mathematical consistency, one should expect the algebra to give 

identical results. It is not yet clear whether an y logical 

redefinition of the functions SSTV2 could lead to complete 
consistency between different ways of defining the equivalence 
operator. This should be discussed after similar problems are 
considered in QLOGIC and GLCXJIcl 


* They are fully explicable (See MR-b2, appendix) . 
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F/3 liLJl • SX9Ii£‘j?^A -tP,?!. J. P.^i c_ j»jid_t hej,r tpgJiJ 


!•,. .Q'j.'^P>iXipP. -.-SfAP ^in. BVMF 


{a)_ Gefic-ral 

The theory of quentifiers in EVI-'i^ has been developed 
fiist in I’TI-?3A which has teen puDl.1shed in Current Science 
(Part's I and II , Vol 52, pages 292 and 335 > 19S3), Since 
then, it has undergone several rc-visi'''ns, e.g. in I'-R“33, 45 
46 a, 48, 4S, 50 end 51 o However, a definitive treat .ient of 
the theory of quantifiers vi^ v/elL*fonried formulae in SKSLOG 
was given in IiR-52, and this laid the basis for the distinction 
hetv/een QL-1 and QL-2 as two standard types of relations in the 
BVMF description of quantified statecients. The essential differences 
between these two are indicated by the follov/ing equations. 


C-£.-1 : (^x) (|x Z(k, bx) , e.g. (9x)(§x ri=^bx) 

QL-2 ; ^ Z(k, ^ , e.g. (Vx)(|x) -^«^(3y)(by) 


The treatment of these two types in EVl-'iF algebra are clearly 

different. The latter, which is first considered, can be implementec 

in exactly the same manner as SKS, but using 3-vectors and 3x3 

basic states 

Boolean matrices. For doing this, a set of thr-ee/ (l 0 0),(0 1 O), 
(0 0 1), denoted by "For all", "For she", "For none", are used, 


and tVesa lead to the eight pcnsible q.'c::-. 1 fier st'^tes Q1 to u8 
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wh.lch are described in F-R'»5^* The impleiuentat jon i.n 0L~2 
is pai't jcijlarly fully treated in I-IR'-53> end tl'ja i>vplii:iiPntation 
in QL-I in F:R-54. These are reviewed and suin-narir-ed in I-Jl'-56, 
LeotUiCf3 and 4, Series 2, 


In our treotttent below, we shall dasi^nate nL-2 as 
qLOGTC and QL“1 as PL03-IC, In the case of QL-2, the al2,ebr-aic 
subroutines ere identic*’' "ith those in SKS (i) to (xvi) end 
they are briefly noted here, but the logical subi-o J;i/ies are 
described, in. fuller detail. 


These formulae are equally valid for QL-1 and GL-2 ^ 
and are the basis for the implementation of quant if.ia' states 
in 5VMF. As al^'eady mentioned, they utilize Boolean 3“Vectors 
and Boolean 3x3 matrices. The basic 16 subroutines in SfCSALG 
can be taken over practically unchanged for the CIOGIC also. 
The names of these are listed below, but only brief details are 
given j since they could be obtained by replacing the names of 
vectors, matriceSj and functionSiOf the form SiJXll^Xjby QXXXXX | 
;:rnd remembering that K =• K a 2 ior the get changed to 


X .X K = 3 f--^r the la L ter. 


X ''r0 


‘..ol s 


H-. '.’-r ; j. . , i"-' u 


/.h(XlIC are given in Table 1 

^ w 
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Tabla . script ioi^oX, QU.antiJioi^ states^ jjijhe_ 


Description 

M *: r 

printed 

Symbol 

^n 

progr-om 

Description 
in BA-3 

Symbol 
in QBA 

Description in 
standard logic 

For all 

AIX 

G1 

(1 0 0) 

y 

(V x)(|x) 

Mot for all 

NAL 

02 

(0 1 1) 

A 

'1(l/x)(|x) 

For some 

SOM 

03 

(0 1 0) 

1 

(3 x)(?:c) A (3x)('-l|X 

All or r.ore 

AON 

Q4 

(1 0 1) 

0 

(Vx)(|x) V (yx)("l|X 

Not e> > st s 

i 

NFX 

Q5 

(0 0 1) 

5 

X 

(3 x)(2.x) 

There exists 

EXS 

06 

(1 1 0) 

3 

(3 x)(|ir) 

Indefinite 

li® 

Ci7 

(1 1 1) 

A 

(3x)(|x)V-^Ox)(ex) 

Impossible 

or 

Contradictory 

XXX 

^ V Iff .AL , ,.lft t iVMCSd 

Q8 

(0 0 0) 


(3 x)(|x)A '1(3 x)(^) 


The iGatrix corinectives QI’'iZ(I,J) are 3x3 matrices, with 
I,J = 1, 2, 3 ar.d ti-e quantified terms are 3-vectors OVa(I), 
I s 1, 2, 3 which ceil be any one of the eight BA-3 states 
Q1 to Q8. The states Q1, Q3, Q5 form the generators of the 
BA-3 algebra and are called "basic states". The logical 
connectives A(k, i), 0(k, |), E(k,4), I(k. £) are defined 
in a manner closely similar to the SMS Z{^,£) — e.g. 


= 'h , QL') {'-es (xi) below) 
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The subroutlr.es for the BA-3 opei-ators (i) to (xvi) 


ure es follow?, 

(i)_BoolPan :.'um of tv/o vectors a^b = c ((^ = U = union) 


(JulilON (c.V.4,':’7A) C’/C 

bSuM (0 VA(i) jCVBCi)) =: QVC(1) 
Llobll (7vA(2),GVB(2}) QVC(2) 
BSijK (c:a(3) /:.'V3(3)) = GVC(3) 


(j i), ,_Boplean tjvo 


vectors 



((§) = V = vidya) 


(JV'lI;YA(-7\rA,C;VB) = QVC 


BPIfT (UVA(1)»QVB(1)) = GVC(1) 
BP/JT (QVA(2) ,aVB(2)) = QVC (2) 
BPDT (QVA(3) ,QVB(3)) = ciVC(3) 

i jii) B oole ar: c eg p.len;ent o_f._,'^yector ^ 

&C0MP(QVA) = QVB 


^■Cl'iP (QVA(1)) = QVB{1) 

BCPiP' (QVA(2)) = QVB (2) 

BCiViP (qVA(3)) = QVB(3) 

( iv) Boolean sum of tv;o matrices P ^ Q = R 


q]vCsui^(q:'p,qi 4 q) = ®ir 

BSlJll(-ai-P(I,J) , QJ‘iQ(l,J)) r= Q!-R(I,J), I, J = 1, 2, 3 

(v) Boclp.eri, of t’vp.p_p:l rices P 

.JQ;;-cT(.,tJ-,'.:-'Q) -.hR 
Perl 30 s BSoM in (iv) hy 


^ = R 




■ r T . 




Q 


.5. 

,(yi). Bqojean cpronie/_ent^^^ _a iqptqqi,x_opexc;.1lQT 
Ql-.1C|-P(r;j.p) CPIQ 

^C.:p(rj.p(i^j)) .. cmil.J), I = 1, 2, 5 
(vii) ‘i^elar j.rqd!;'ct .v'^f tv.'O vectors 

= c = '?-) ^ (D 22 ^ ^2 ® 

QSCPiJT(tVA,CVB) = BC (llote Boolean scalar 

on the r.h.s) 
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(yA' yps/'Y P^'oduct of a vect or yjth a ma tr ix 


/k\l \ =ts,f . ^ = bj , i,d 

OUi;PDT(QVA,ChZ) = CVB 


= 


the, jnabrix with. tAvq. Y,ept_qi;^ 

4,1 Z I b> = c ; ^ ^ <S) b. = c , i,j = 1,2,5 


QBIKPT (QVA,Qf-Z,aVB) = 3C (Note Boolean scalar 

on the r.h.s) 

(x) Matrix product of two matrices (-H ^a-u- *= ^-sir # 

■0*1. I»icn»t.v-»A»- IW ««»l «* wm, JB. milWJIV w. » rjv mf i *«?■■« H *. ’fit Mlfc. «i-»i IK11»I«, ~3^-VtK JWHirl «i.i 1 WI«— X- ■/ J J jjiv * 


id '"di^ 
i,d,k = 1, 2, 5 


aaTPT(»,QMQ) = a-iR 


Cx i) Direc t prod uct of two vectors a X b = Z 

(Xia?T(GVA,lVB) = Ql-IZ 
J .Z(I,J) = rPDr(GVA(I) ,'1V3(J)) 

ri:''ect suit of two vectors a 4- b s= Z 

r l* Id . I i . V V , . K < r KB - s»-f 1 f* I Bf « m 

..Llfi::h(;V.t,CVB) t: Z 
vKZ(I,J) 3.r:M(;VA(l},^V3(J)) 




(yll.t) B.V-'C'Ct of tv-'o vectors (a ^ b) ^ Z 

qojk^.o(cva,g-s 3) f= (::^z 

BJ-:r.U(':v.Hi)>O'E(0)) 

(>l¥) n;b'*r !5->,vtt vit'-’o.vt a X b fs c 

r;.‘;'/01-fr?.A,Gg} U'C (G:le cn LGa ,1J.-* 3 ) 

<r/c(i) ^ v^,.«-:(PA;e¥3ii)) 

fi.c/) "joetc-r f't .-x-t .-ji a > b i-* c 

- - r , ^ ^ ^ 

OSvOS!l(I?t/VP) « AV'C (::yl 3 BA Oil ILe ^b.-s) 
Gvcii) I?'-•^;■XBA;av3(I)) 

4* 


QL3A.NS(OT) * C.'^Q 

GI‘1Q(I,J) = (itPCJjX), I,J « 1, 2 


(c) Logical operators in 0L->2 

Similar to the SNS logical functions described in Section 2(b) 
of Part I, the corresponding QL»2 fitnctions, using Q1 to Q8 
for the constants, can be defined, Tltese are ss follcvs, 

(xvil) Matrix elements of loffScal connectives 

A(k, i), 0(k, i), E(k,i), I(k, , k,j^. 1 to 8 

QMArEL(rjiZ,fJC,QL) « Gr®(I,J} 

Pieplace S by Q, .and use QK,QL with K,L a 1 to 8 in (>:vii)of SN-SICXJ, 


For 

c«a,ck,ol. 

c:m 

15 

c>DIhFr(C.K/4L) 

For 

C40,CK.jQ?^, 


m 

Or^lBSF.iCKjQL) 

Ftvr 

c'.’i£,a^f,aL, 

OJi 

'31 


Fur 


f 


‘'VIv':a/xc\p{ 
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yalue of one_ ,qu^tified_terra 
^RK-P^other : |(^1 ^) = ( ^ 1 f ^ ^^2^ " 

GRt,LTV(GVA,QVB) = SVC (Note SNS in r.h.s) 

CVC(1) = QSCPiJ^r (QYAjCVB) 
bVC(2) .-= OSCPIXI? (CVA,QCOMP(QVB)) 

Input is in QL-P, output is in SKS 

(xl>q^) _ SI'iS X^Iut|\3LsJue_of_ a 

Inputs a jb : t(a Z b) = c = (c^ , c^) 

» ^2 ~ ^ ^ 

Gsrv (GVA,QKiZ,QVB) = SVC (Note SNS in r.h«s) 

SYC(1) = GBlNPr(QVA,a^iZ,QVB) 

SVC (2) = GBINPT(QVA, a‘KCI‘'iP(a''^Z),CVB) 


.. SN S trut h value of a rel a tion I nvolvi ng the 0L ~2 
logical connective Z(k,X) for inputs a , b 


t(a Z b) = c for Z = Z(k, t ) via relative truth values 
QSTV2(QVA,QI';Z,QVB) = SVC (Note SNS in r.h.s) 


QI''IZ = QIiA.,QK,QL etc. (for Z = A, 0, I, E) 

If QI^IZ = QM4,QK,QL 

SVC(1) = BPnr(uSGPE(r(QVA,QK) , GSCPIir(Q¥B,a)) 

SVC ( 2) = 3Sliyi( GSCPDTf (QVA , QCOKP( OK) ) , 

QSCPLT ( QVB , CC OFiP ( GL ) ) ) 


I f ' ji^iZ — liit'iO f GK j ' iL» 

SVC (1 ) r. 2 siyc vsvf'cr ( qva , sk) .c scpdi (g vs ,ol) ) 

svc(2) = f.prir(Q.v:.pfG!(QVi.,ocCi-:p(sK) ) /asCrLrrtavB .occLP'ivL))) 


no 
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IF Qi^Z = a‘'iE,QK,QL 

GKP = QCOMP(QK), QLP = QCOMP(qL) 

8VCA = QSTV2(QVA,QMA,QK,QL, QVB) 

8VCB = QSTV2(QVA,QM,QKP,aLP, QVB) 

SVC ( 1 ) = BSUM( QVCA( 1 ) , QVCB (1 ) ) 

SVC(2) = BPIff(QVCA(2),QVCB(2)) 

IF QMZ = a'^lI,QK,QL 
QKP = QCOr-'PCOK) 

QMZ = QMO,QKP,QL 

As mentioned for SNS logical connectives, 3 ji the case 

also 

of QL-2 also, general 3x3 matrices can/occar, for relations 
in 01-2 that cannot be expressed in one of the four forms 
described above. 

(xxi) Unary relation for Z(k, X) via relative truth value 
^a I q(k)> Z ^q(^) ! = b , Z = ^ etc. 

QUKFT2(QVA,GI4Z) * QVB 

IF QMZ = QMA,QK,QL 

BAP *= QSCPDT(QVA,QK) 

QVB = QSVPDa?(BAP,QL) 

IF a'lZ = QM0,QK,Qb 

EAP = QSCPBr(GVA,QK) 

QVB s QSVDSM(BAP,QL) 
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IF QMZ = QI'1I,QK,QL 

BAP = QSCPDT(QVA,QCOriP(QK)) 

QVB = u.SVDSK(BAP,QL) 

IF OKZ = LiME j I jK j QL 

CKP = QCOI-'P(aK) , QLP = (XOMP(QL) 

UVBA = auIiPf2(QVA, QMA,QK,QL) 

QVBB = Ql)lvPr2(QVA, QI''IA,QKP,OLP) 

QVB = QU1'^I0N(QVEA,QV3B) 

Here also, the formulae closely follow those in SNS 
except that S is to be replaced by Q; leaving B unchanged^ 
in SU1OT2. 

(xxii) Bina ry rnatrix -Boolean operator G "agree” for checking 
the equivalence (agreec^nt) of two quantifier terms 
a and b : (a)G lb) = c 

QlffiGCQVAjQVB) = QVC (Note SNS in r.h.s) 

BCA = BEQU(QVA(1),QVB(1)) 

BCB = BEQU(QVA(2),QVB(2)) 

BCC = £EQU(QVA(3),QVB(3)) 

BCBP = BPDT(BCA,&CB) 

SVC(1) = Bpnr (BCBP, BCC) 

SVC(2) = 5CKP(QVC(1)) 
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XyAiii}.J‘^'?!’rA^x--3qcde8^_iya^a:rx_op^r^tqr^ E, N, M, L 

In this case also, replace S by Q^aiid 1, 2^ by 1, 2, 3. 
The eq”Aticns are 


QEGU(QVA) = UVB 

GVB(1) = CVA(i), QVB(2) = QVA(2) , QVB(3) = QVA(3) 
QhOT(QBA) = QVB 

Q\^B(1) = QVA(3), aVB(2) = QVA(2) , QVB(3) = GVA(1) 
QCO^';P(QVA) = QVB 

QVB(1) = BCf-'iP(QVA(l)) , QVB(2) = ECKP(QVAC2)), 

QVB(3) = BCr'!P(QVA(3)) 

QELL(QVA) = QVB 

QVB(1) = BCr-lP(CVA(3)), QVB(2) = 3 CIvIP(QVA(2) ), 

QVB (3) = BCHP(QVA(1)) 

The above subroutines appear to be sufficient for 
dealing with all problems containing quantifiers which involve 
QL-2 algebra. However, for QL-1, quite different subroutines 
are needed and are treated in Section 4 under PLDGIC, 
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Problem 5, 

Make direct checks of the algorithniis Q(i) to Q(:;e^l) for 
agreea.ent v/ith ideas discussed in ^“53 aiid 56, Lecture 3. 


Problem 6 


Check the agreement between QUI'«PDT end QbM?T2 for the cases 
Problem 7, 

listed in / and print them side by side for inputs 
OVA = 01 to Q8. Verify that there is agreement for Q1 to Q7 


as input and note examples where they disagree for Q8 as input 


Problem 7 

Check the 8x8 truth tables for (1) Q(;KiK)^ QSTV and 
(2) Q(xx) “» QSTV2 for the following connectives. 


A(1,6). A(2,5), A{2,6), A(5,p. A(2,7) ,A(1.5) . A(2,4) 
Sd.l). 2(J.6). 0(2,5), 0 ( 2 , 6 ), 0 ( 5 , 6 J, 0(2.2) ,0(1,5), 20.9 

10.9- Jh-P. 1(5.9 > J(2.Z)-J(1.5). 1(2.9 

5(1-9. 5(1-9. 5(2.5). S(2.6). E(5,6). Kl-J) .£(1.9 . £(2,9 


Check that they agree for the 7x7 sub-table involving Q1 to Q7 
and if so, print the output for. 0S1'V2 and nerf^e whether they 
disagree for Q8 as Input s cjr ^ . 




„ .Pjrobi ejns in 
Froblpra 

T'ake direct checks of the algorithims Q(i) to for 

agrcet7ie.nt with ideas discussed in i''Pc“53 and 56 , Lecture 3« 


Froblem 6 


Check the agreement between QUIv’PDT and Qbl'iPT2 for the cases 

Problem 7, ^ , 

He ted in / and print them side by side for inputs 

OVA = Q1 to Q8, Verify that there is agreement for Q1 to Q7 

as input and note examples where they disagree for Q8 as input. 


Problem^2 

Check the 8x8 truth tables for (I) QUix)”- QSTV and 
(2) Q(xx) — QSTV2 for the following connectives. 


A(1,6), A(2.5), A(2.6), A(5,6). A(2,7) .Ml-?) . A(2,4) 

g(a.l). g(l.§). 0(2.5). 0(2,6), 0(5,6J, 0(2,2) ,0(1,3) , 2(2,4) 

i(l.n. i(2,5). 1(2,6), 1(5,6), 1(^7) .1(1,3), 1(2,4) 

5(1.1). 5(1.5). 5(2.5), 5(2,6), E(5,6), 5(2,7) ,E(1_.3), E(2 ^ 


Check that they agree for the 7x7 sub.-table involving Q1 to Q7 
and if so, print the output for CSTV'2 and note whether they 
disagree for 08 as input a or b • 
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Fro’nlc-m 8. 

This yiM closely follow the patti-'vn in Px^oblem 4, 

Fi'-pblein 8A -- The enalogous case will not he wCihed out In 
Ch«-2, as a .ooi's general ca^se will he cons! cored in GlOilC, 
and it will be pi oved that, in gei^eral, the conjim^tion of the 
Boolean ruth vaJue^ of two relations is not c-qf?iv_£lent to the 
Boolean .truth. .velue_..qf_t}^...cpn.jL^ncticni...pf ^ two relations 
(rcprosejited by the Boolean product of the two cietrices), while 
tie c or I'e spending theorem is 

Therefore, the test is made only for the particular result 
that B(k, -2) can be expressed both as A(k, ^)^A(jS^» 

KJs. i)® J(!sh f), Via QSTV (Problem SB), but not by QSTV2 
(Problem 0C). These are analogous to Problems 4B and 4C in SKS 
for SSTV and SSTV2 respectively. 


Problem SB Define QMZ,QK,QL, for 2 = A, 0, E, I, from 
subroutine C(xviii) and check the agreement of the three truth 
values SW1, SVV2, SW3 for c, obtained by the following MATLOG 
statements for (^l E(k, I h) = g , employing only the GSTV 
subroutine. 


* Although 1'^A.TL‘IG st dterients for ProDier.s 8B ard ■?€ wore 
formulated in June 1987, they could be put on tl® ecoputsr only 
by the end of September 87 (in Hyderabad) end they fuily 
sup>ported the theoretical expectations ststad below. (See also 
AppcO.-dix of KATL0G-3j KR.”52 for a bi'ief ci^ciwsston) . (Added 12. 
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3VV1 « QSTV(CVA,U>iZ,CVB) 

viiere 

[MZ = njjrKKO(QK,QL) 


SVV2 = SSTV(SVA1,SIiOjSl8S1,S/A2) 

SVA1 == Q8IV(GVAiQI‘fA,QK,QL,GVB) 

SVA2 * QSTV(QYA/jKA,CCOKP(QK},CCOKP(GL), (m) 


SW3 s* SST^(SVI1j.SHA»Sl,S1,SVI2) 

whe-re 

SVI1 s QSTV(QVA,QMI,QK,0L,QV'B) 

SVI2 = QSTV(QVA,QMI,CCOKP(QK),QCCMP(QL),OVB) 


Check SW1, SW2, SW3 for a^reecient and if found true, print 
only SW1. (The test is to be done for all i,- 1 to 8, for 
k ^l). 

Pro bleni 8C : »— Check the agreement of QSTV2(QVA,GIiE,QK,QL,QVB) 
= SVC with the two different, but equivalent, definitions of 
E(k, ^), following Problem 4C in SNS. The relevant equations 

r-J r>/ 

ar*e as follows: 

SVC1 s SSTV2(SVA1,SM0,S1,S1,SVA2) 

where 

SVA1 a QSTV2(QVA,QKA,QK,QL,CVB) 

SVA2 « QSTV2(&YA,0M,QC0MP(QK),QCa'lP(aL),CVB) 
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SVC2 - 85TV2(SVI1,SMA,S1,S1,SVI2) 

tdiere 

SVI1 = QS'i'V2(u7A,QFjI,QK,0L,07B) 

8VI2 = QSTV2(QVA,Qi'a,QC0KP(QK),fX0I-iP(QL), qVB) 

Fr^nt both SVC1 and SVC 2, and check if they a^rce f.or all 
£ , ^ = Q1 to Q7, and also with SVv'l of Froblcrs 8B, and note 
v.h.ere they disagree for a or b * 0.8. (Test is to be le-Deated 
for all (kf£)f with k,^= 1 to 8, k ^ , 

3j Cpi!iir,ents on tte outputs from the -probleBiS in Section 2 

■I* ti. J, ir t - Xf SI i. «-»i VI T.«Jir vvi XTltW itWTCt' vr. . A !» - »W J u. i jOdb wrtm^ .ti=rur‘ - u Jtr s »'>'»)».- t*w "V* .W.M* 

The outputs for the functions given below are illustrative 
of the nature of these functions. Note that Q8 is printed as 
lilP and will be changed later to XXX, 

Pr o bleni 3. 

It will be noticed from Table 1 that the four matrix-Boolean 
operators WE, WN, WM, QF©L permute the four standard 
quantifier states ALL, EXS, NAL, kEX among themselves, and 
similarly interchange pairw'ise the remaining four states 
(SOM, AON), (IND, IMP), Hence the. collection of eight states 
of BA-3 employed in quantifier logic are left invariant by the 
operation of Boolean-matrix operators. 
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also 

The operators QUNION and QVTDYA ere /seen to produce 
os outputs only one of the eight quantifier states, for all 
coiijbi nations of the Input states (a, b), end therefore, in 
OhOGIC, the algebra Is complete under ‘'Booleen*’ operators. 

The scalai- product of two C-vectors and the SNS relative 

truth value of those ax-e also listed in Table 1, for k, ^ = 1 to 8. 

The foitTier is a Boolean scalar 1 or 0 , and the latter a 

Boolean SNS vector T, F, D or X, It can be verified that the 

first component of the SNS truth value c = (c^, c^) for 

the latter is alv.^ays equal to the Boolean number corresponding 

to QSCPDT, in all cases. This indicates the consistency of 
algebra 

our quantifier/, employing BA-2 t ruth v alues i n SNS * with the 
classical quantifier calculus, using only BA-1 truth values. 

The BA-2 calculus is analytical continuation, for logical 
truth values T, F, D, X, of the BA-1 calculus employing only 
T and F, and the latter always leads to the former if the 
states D and X ar-e not taken as independent logical truth values, 
but expressible as D = T V F and X = T Af. (See FjR- 52 for 
a treatment of this aspect . ) 
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Table 1, Outputs fo r some typical functions In QLOGIC 



UCOMP 

OHBE 

OHBN 


QM6L 

ALL 

nal 

ALL 

NEX 

NAl 

EXS 

NAL. 

All 

NAL 

EXS 

ALL 

NEX 

■50M 

Aon 

SQM 

SQM 

AON 

ACfJ 

AON 

Sqm 

AON 

AON 

SOM 

SCM 

NEX 

EX3 

nex 

all 

EXS 

NAL 

EXS 

Nex 

EXS 

NAL 

NEX 

ALL 

IND 

Imp 

INO 

INL 

■ IMP 

IMP 

IMP 

IND 

IMP 

IMP 

IND 

INO 






OUNlON 

ALL 

IND 

EXS 

AON 

AON 

EXS 

INC 

NAL 

NAl 

IND 

NAl 

INO 

'EXS 

NAl 

SOA 

IND 

NAL 

EXS 

AON 

ind 

INC 

AON 

AON 

IHD 

AON 

NAL 

NAl 

AON 

NEX 

IND 

EXS 

INO 

EXS 

IND 

INC 

EXS 

iNO 

ind 

INC 

IND 

IND 

IND 

all 

NAL 

SOA 

AON 

NEX 

EXS 


QSCPDl 
1 0 0 1 0 1 

<110 0 1 
1 1 0 1 1 1 

< 1 0 1 1 C 
1 1 1 1 0 1 
1 1 1 I 1 1 

< 0 0 0 0 0 


INC 

ALL 



ALL 

IMP 

IND 

NAL 



IMP 

NAL 

IND 

■SUM 



IMP 

SCM 

iNO 

AON 



ALL 

nex 

IND 

NEX 



IMP 

NEX 

IND 

'EXS 



All 

sd» 

IND 

INC 



ALL 

NAL 

INO 

'IMP 



IMP 

Imp 



OREL! V 


1 0 


1 

F 

F 1 

F T 

1 0 


F 

‘I 

0 D 

D D 

1 0 


F 

I 

I F 

F 1 

1 0 


D 

0 

F I 

0 0 

1 0 


F 

1 

F 1 

1 F 

1 0 


D 

D 

D D 

F T 

1 0 


0 

D 

D D 

U 0 

0 0 


X 

X 

X X 

X X 


OVlDiA 


IMP 

all 

IMP 

AL 

u 

all 

IMP 

SUM 

NEX 

.4EX 

SC 


NAL 

IMP 

SQM 

IMP 

IMP 

SC 

.'4 

SCM 

IMP 

IMP 

AON 

NEX 

AL 

L 

ACM 

IKP 

IMP 

NEX 

nEX 

IM 

P 

NEX 

IMP 

SUM 

ALL 

IMP 

EX 


EXS 

IMP 

SUM 

AON 

UEX 

EX 


INO 

IMP 

IMP 

IMP 

IKP 

Ip 

e 

IMP 

IMP 


I F 
1 F 
1 F 
T F 
T F 
I F 
T F 
X X 
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Four Illustrations each for A(k, £) , 0(k, i) , F(k, i), 
ai'e copied Crom the coBiputer outputs oo^alned fox- this 
problem. It was verified that QU.NPDT and QbwPTR give identical 
results for a = QVA = Q1 to Q7 for ell examples. For C4S as 
input QVA, hov.ever, b = QVB «= C8 = IRiP for A(k, 4) 0* 

wMle QVB = OL for OCk, .and I,(k, 4) , for QUh'FTB. On the other 
hand, .in Lhe case of QUI'JPDT, QVB = Q8 whenever QVA = Q8. Hence 
only QIJI'iPTB results are reproduced^ and, where they disagree for 
QUI'JPDT, they are marked by a ring. 


Table 2. T ypical ex amp l es o f. _the outp ut. _o. f .Qb NFT2 , f or QVA J.. ft p_8 


Kl-Wtoow.jir-B'-I i4S ■.AuAWMCa,. ^ JMW 

Input 

QVA 

ITiTi) 

Output QVB for 
™“a(1, er~ A(2, 57 


ALL 

ALL 

EXS 

IMP 

IMP 

NAL 

IMP 

IMP 


IND 

SOFi 

IMP 

IMP 

NEX 

IND 

AON 

ALL 

EXS 

NEX 

IND 

N8X 

IMP 

IMP 

NEX 

IND 

EXS 

ALL 

EXS 

NEX 

IND 1 

IND 

ALL 

EXS 

NEX 

IND 

l¥iP 

IMP 

IMP 

IMP 

IMP 1 

ALL 

0(1, 1) 
IND 

0(1, 6) 
IND 

0(2, 5) 
INIEX 

0(2, 7) 

IND 1 

NAL 

ALL 

EXS 

IND 

II'D 1 

SOM 

AJX 

EXS 

Ilffi 

IND I 

ADN 

IND 

IND 

IND 

IND 

NEX 

AXL 

EXS 

Ii>!D 

IND 

EXS 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IMP 


(ffi) 


(£^ 

* ..i. I ... - 


.1. „ « . - 

..... .T, 
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Ijtput 

OVA 

fc T '^y 

Output QVB 

'e(1, 6) 

I for 
Kft .'57 

... 

ALL 

ALL 

LAS 

EXS 

IMP 

NAL 

TvAL 

MIX 

NEX 

IKD 

('t'Oi i 

NAL 

NLX 

NOX 

IIS 

/ ON 

IKD 

IND 

IND 

IND 

Tm ■ -vr 

i -I ill A 

I’AL 

j'IaX 

NSX 

IIS 

i'JXS 

Il'L 

IND 

IND 

IND 

lilD 

Jj'JD 

II'D 

IKD 

IND 

IMF 

1I--P 

11' I' 

IliP 

II'iP 


1(1, 1) 

1(1, 6) 

1(2, 5) 

1,(2, 7) 

ALL 

ALL 

EXS 

IKD 

IIS 

KAL 

im 

IKD 

NEX 

irs 

SOM 

IND 

IND 

NEX 

IND 

AON 

IND 

IHD 

IND 

HID 

NEX 

IND 

IND 

NEX 

DID 

EXS 

IND 

IKD 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IFjP 




IKD 


Even these disagreements follow a rule as mentioned above. 

Thus, they occur only for the O-tjfpe connectives GMD and QMI , 
and irrespective of (k, ^) , the output for QUI1PT2 is QVB = QL, for 
QVA = Q8 = IMP. This is similar to the behaviour in SNS algebra, 
as may be seen from Table 1B where for 0(k, and I(k, ^) , 

SVA = S4 = X always leads to SL as output for SVB. The 
explsdiation of this will be given, from Boolean alge|)ra, under 
even more general conditions of GLOG-ICjin Part III, and it 
reduces to SNS and QI.0GIC for M = N = 2, and 3 respectively. 
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In this case of binary reiation alsOjthe SWS truth 
values calculated using QSTV and QSTV2 agree for the 7x7 
sub-table employing Q1 to Q7 for a auid b. They, liovv'ever, 
disagree for some examples if one of either a or b.is 08. 

I 


Also, as in SIIS, the disagreeing exariples have the 
t] uth value F, for QdTVFjfor the connectives P.(k. £) and 

H(k, X ) v.'hile they have the truth value T for the connectives 

. as against X for the corresponding outputs for QSTV. 
0(k, X) and l(k, £)t! This behaviour can also be proved 

still more generally for similar logical connectives defined 

in GLOGIC^ and a description and proof are given in Fart III 

dealing with GLOGIC . Print outj for QSTV2 in some typical 

cases are given in Table 2, and the disagreeing outputs are 

marked by rings. 

Table 3. SNS output of QSTV2 for the 8x8 array of inputs QVA.QVB . 


T 

P 

f 

V 

F 

D 

D 

X 


ACI.6) 

p T D F T D 

F F F F P* 

F F F F F F 

p D P F D 

F F F F F F 

0 P P F O D 

p P F p O 

© X ©0 © 


© 

© 

0 

0 

© 

© 


AC5,6) 

F F F F F F F 

0 P D F "D D 

F F F F F F F 

P D D P F D T 

T P T b FTP 

F F F F F F F 

D D D F f* 

X © X ©© X © 


. ©0 ^ 0©©© 
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0(1,6) 

T T T T T 
T V F 

I 2> F 


T V 
T D 
T D 


© 


T T 
T D X 

T D X 


T I> X> T D 


X D 


© 


T 1> T 2> 

T 2> r P x» T r (t) 
TP Ti)PTP@ 

0 ©©® ^ ©® 


0(2, Si 

FPfP'TFPX 

TTT»TTT(r) 

T T T T T T T 

D P p P T P 15 ® 

DPpt>TPt)@ 
D P 0 ■£> T D P (?) 

X @ X 0® X © X 


tFfpfppx 

F TTPTPPX 

P ttptppx 

PPpPPPl>® 

FTTPTPPX 

ppppppp® 

DPpPDPP© 

X X X @ X 0® X 


E(5,6) 

U P P p c> P (© 

F P f 2> T F D X 

pPDPPS^® 

TPtPFTPX 

FP FX>rFPX 
D p 3) P P p ^ ® 

X © X © X X © X 


ia,ii 

SFrPFPPX 
TTt'ITTT© 
TTtTT'P'T© 
TPPPPPP® 
ttttttt© 
xpppppp® 
T P p P P P p © 
0 X X © X ®® X 


1(1, 6i 

T P T p 

X T T 1 

T T T T 
T p T P 
T T T T 
T P T P 
T P T P 



F T V X 

T T T © 

T T T @ 

■OTP © 
T T T © 

P T P © 

P T P © 

X 0© X 
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It hos been possible to deduce the io3 loving general 
rule for the ringed edries that disagree vdth OSTV in Table 1. 


a = 
or 
b = 

a = 
or 
b = 

a =* 
or 
b = 


, b n q(i) 0 

» a 0 q(y ^ 0 

, b n q(-f ) 

, a n q(k^) -h 0 

» ^ ^q(|) 4 0 

, a, n q(k^) 0 







(a lA(k.i) = F 




( 1 ) 

( 2 ) 

(3) 


In fact, it can be verified that the data given in Table 1 
of MR-60 obey the corresponding rules for SNSLOG, Thus the 
condition a 'D s(k) found there, has the property given 
in (4) below and the right hand side is analogous to the 
conditions employed in the above rules (l), (2), (3). 


(| D s(k)) C (a Hsdt) <;z^)) (4) 

The conditions H q{k) =jt ^ and ^ ^ q(^^) =3^ 0 
are expressible in MATLOG as 


QSCH)T(QVA,QK) = 1 , QSCPnr(QVA,QCOMP(QK)) = 1 


(5) 
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V'e shall not prove the above rules (1), (2), (3) for 
^ ^ them 

3x3 matrices In QLOGIC, but prove for the even more 
general case of m x n matrices of GLOGIC^ employing ciausal 
relations^ which are the analogues of the equations employed 
in QLOGIC. This will be done by showing that the Bo olean 
truth value 

QBTV(QVA,QMZ,Q\'B) Efn QBINPT(QVA,QMZ,CVB) (6) 

for GMZ = QI-jO, QK, QL, differs from 

QBTV 2 ( QV A , QMO , QK , QL , QVB ) 

bsumCqscpdt(qva,ck) ,QSCPDT(GVB,QL) ) (7) 

for precisely the above conditions, namely 

QYA = Q8, QSCFDr(QVB,QL) = 1 

or (8) 

QSCPDT(QVA,QK) « 1, QVB = Q8 

The analogues in QL-2 of Problems 2 and 3 of SNS in 
Part I will not be given here, but will be briefly taken up 
at the end of this report, after discussing the implementation 
of elementary relations in PLOGIC(qL-IA) and P(2LOG (GJL-1B) , 
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These aie to be contrasted with a quantified relation 

a 

expr-essed in QL- 1 . In/logical relation of the type QL- 1 , 
the relation really exists between the jjiqividual components 
ax and bx for each value of the variable x, and both ax and bx 
have the same domain of operation. This is particularly made 
clear by the form of the relation in QL-1 in general, namely 


Cq 2 ^)(ax 2 bx) 


where there is only a single variable x contained in the 
relation and the form of its unary and binary implementation is 
as in ( 5 a), ( 3 b) below: 


Uhary : ^ , (q 2 x)(|x 2 bx) h--^bx (3a) 

: ax, (q 7 x)(ax 2 bx) c , SNS truth value of the 
^ ^ ^ - - peXation for the given 

HIT} tlij s « 

(3b) 

A few simple examples of unary and binary relations are given 
in (4a-d) and ( 5 a-c) below, phe unary examples are 

(V x)(ax), (9 x)(|x «s^ bx) !— > (3x)(bx) 

(3x)(ax), Qx)(|X ^ tx) t-4 (Ax)(ta) 

(3x)(ax), (Vx)(|xA tx) I— » (Vx)(tx) 

( 3 x)(ax), Ox)(|xA ^ ( 3 x)(bx) 


(Aa-d) 
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Si!r'.nerly, we have the binary axaniples 

( Vx)(|x) , ( Vx)(‘' ]bx) , ( "D x) (|x Abx) I- > c = F 

(3x)(g>:), (9x)('Tbx), (V x)(|xA Ibx) V-- >c - D (5a-c) 

(3x)(^), (l/x)(bx), (9 x) (a>: ==^>bx) c = T 

As will be seen from the form of the expressions in (3a) and 
(3b), both vectors representing quantifiers, as veil as SMS terms, 
occur in these formulae, and it is not apparent as to licw they can 
be converted into BV¥l¥ containing essentially 3-vectors. Hov/ever, 
as has been briefly outlined in MR-56, Lecture-4, this class of 
equations, which has been named QL-1A, can be formulated in a 
compact and unified treatment, by first considering the quantifier 
algebra QL-1, which is effectively equivalent to GL-1A for the 
particular case when (q 2 x) = (V^). Then Eos. 3(a,t) respectively 

go over into 6(b) and 6(a) below, Ve shall discuss these and 
the nature of their relationship vdth 3(a,b) below, 

ax, bx, ^ § bx = cx h-V cx (Binary forv/ard) (6a) 

cx, ax, ax Z bx = cx bx (Binary reverse) (6b) 

As has been described in MiR-52, 53 and 54, the QL-1 type of 
relation occurs from the existence of a logical relation between 
the individual components ax and |x of the corresponding members 
of the sets A and B having the quantifier states ax aird bx , 
which lead to cx of the same Individual x , 
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and b^nce to the resultant set C described by the quantifier 
state cx. Thus the iffipleinentation of the binary relation (7) 

(']x)(|x), (yx)(|x) , A bx = cx (7) 

leads to cx = (3x)(cx) for the following reasons. We are 
given that ”at least one nseober “ (9x) of the full set ^ has 
the property of the set A, and that "all meiibers" {\! x) of the 
set ^ have the property of the set B, and we wish to find out 
the quantified nature of the meriiters of /i that have the property 
of both Set A and Set B, Denoting this set by C and the 
corresponding vector by £x , it Is obvious that we can only say 
that "there exists at least one member" (9x) of ^ that have 
the property of the set C. Thus a binary relation in QL-1 has 
the individual output cx in an SNS state, but this leads to 
a quantifier state represented by a 3~vector cx which is of 
the same type as the quantifier states of the two inputs ax and bx. 

The principle of the procedure discussed above can be 
used for working out the resultant quantifier state cx of the 
set C which is the logical summer product, of the quantifier states 
^ and bxj and more generally for a relation Z(k, X) connecting 
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|.x and of sets A and B for. their quantified states a and b 
Gins 

one of the eight standard states q(l) to q(8). This has 


been done a b initio and 3x3 tables for these operators have 


been obtained. 


T.a ble._4. „ _3x 3_„t.ab_les for .t he QL- 1 connect ives »aM _" -and. _J.'or " 
(a) AND (A) (b) OR <g) 


Q ' 

y 

1 

§ 

..... 

V 

V 

y 

1 

V 

3 

1 

5 

V 

1 

§ 


A 

V 

1 

§ 

v 

y 

£ 

i 

£ 

1 

A 


§ 


$ 

§ 


The detailed mathematical properties of these tables are 
discussed in MR-53,54, and a short summary given in MR-56, 
Lecture 4, Here, we shall only indicate these formulae which 
are relevant for working out the computer^-imphementable 
algorithms given below. As will be seen from Table 4(a, b) , 
the outputs for the QL-1 relations ^ A bx and ax 0 bx for the 

generator states q(l)» q(3)» q(5) have very simple 
representation in lattice algebra. Without going into this 
lattice theory as such, v/e may merely write the effective 
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algebraic formulae for cx in terms of ax and bx as follows. 
Denoting the states of a, b and c as q(i)> qCJ) and q(k), v/e have 

q(i) A q(o) = q(k) 

v/here 

k = Max (i, j), and k = 2 if i » j = 3 
and k=8 if i orj=8 

<l(i) Q q(o) = q(k) 

where 

k = Min (i, j), and k = 6 if i = ;3 * 3 
and k = 8 if i or ;) = 8 

The extension of these 3x3 tables into 8x8 tables is obtained 
from noting that, a general quantifier state, q(n), n « 1 to 8, 
is the Boolean sum of at most three basic states q(l), q(3), q(5). 

We therefore make use of the analogs of the formula (8) given 
below, for obtaining the QL-1 conjunction or disjunction of 
these mixed states. Thus, for a = q(i-]) @) q(i 2 ) and 

qCj-,) ®q(;32^» 1.4 S' 

c * (q(i.j) ® q(i 2 )) 4 ® 1^32^5 

= (q(i.|) I q(j.j)) @ (q(i 2 ^ 4 ) @ 4 

(q(i2) 4 

The tables so obtained for Z = A(1, I) and 0(1, I) are given in 
page 12 of Lecture-4, Fil-56. They will be reproduced as computer 
outputs later in this report. 
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The natural question arises as to how we should proceed 
to formulate the algorithms for the connectives I and E and 
also for a general logical connective 2(k, ^), Both these 
are possible by noting that in QL~1, the following general 
formirla holds for k,^= 1, 2. 

ax Z(k, bx » a'x Z(1, l) b*x 

where 

a*x = ax, af^x according as k a 1, 2 
b*x * bx, b^x according as 1, 2 

The main point to be noted is that the appropriate operators 
that are to be applied to ax and bx^ depending on the value 
of k, ^ = 1 or 2, are the matrix-Boolean operators (3EQU and 
QNOT respectively. Particularly, the occurrence of the 
operator N is to be noted for QL-1,as contrasted with the 
operator ^ which occurs in similar situations in QL-2. 

The theoretical reason for this is the fact that it is the 
predicate ax in (qx)(ax) = ax that is negated and this 
produces f rom ax "the quantifier state ^ JN which is the 

same as the MATLOG function QNOT(QVA). 

With this introduction to the algebraic theory, we shall 
formulate some of the essential functions required in PLOGIC 
which are to be formulated in the QL-1 algebra described above 
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( b ) Mr LOG f unctions Jlor^ QL.^ 

The two operators QRQU and ONOT are particularly needed 
in PLOGxC as they occur very frequently in it. Also, t’.'/o 
functions, nujfioiy Oh'JLSM and QVPCSL, have to be explicitly 
stated although they have been used in aJLl the subroutines 
In QT.OGIC. These are given in (iii). 

X 1 .Si veejipr __QVA .,.jln1^p_.its_basJLj^ 

QKLEM(QVA, 0BAS,IB; 

This program takes in as input a vector QVA having 
components VA(l), VA(5), VAC5) wnich are given by VECEL(QVA), 
and gives as output one, two, or three, basic vectors, out of 
(1 0 0), (0 1 0) , (0 0 1) which are components of it «— as 
QbAS(I), 1 = 1, IB, where IB is the number of basic vectors 
contained in QVA. It has the following structure. 


QVECEL(QVA) » VA(3) 
IB = 0 


If 

VA(1) 

« 1, 

IB 

= IB + 

1, 

QBAS(IB) - Q1 

If 

VA(2) 

= 1, 

IB 

» IB + 

1, 

QBAS(IB) = 03 

If 

VA(3) 

e 1, 

IB 

= IB + 

1, 

C©AS(IB; = Q5 


Further, to take cai’e of the lattice properties, two 


subroutines QMIN and QMAJC ai’e also needed 
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( i'v ) oJ the mlnlroum pf__tyjp_ basic v oc to rs 

This function has the fora QMTN(QVA,aVB) ^ vhc-re OVA = QI 
end OVB = 0 J , are the Inputs. The output is QMIN = QK, v/here 
K " nin (I,J), the function adn standing for tl^e ardthaictical 
iiinifTiuffi of I and J. 

( V ) ] {(?teriiiinQ.tion^pf_ the _ max_i pf, tv.n ^vec t^or s__ 

As ;vith QKIh, this has the form QI‘iA>C(QVA,QVB) , With 
the same inputs QI, QJ, QKAX = QK, v.'here K := ii)ax(I,J), 

It is to be noted that the minimum and maximum have to do 
only vdth the indexes of the Q-vectors QVA,QVB in the standard 

form Q1 to Q8 adopted by us, and the only values that occur 

^ ^ rr ^ basic vectors, 

for I, J, K are 1, 3 and 5, since these functions are required/ 

Unlike QLOGIC, there are not two different operators 
U, 0 and V, A in PLOGIC , but a combination of both types 
of functions occurs in the QL-1 operators "or” and "and" as 
mentioned above. However, these two ara given tte I^iATLOG 
names PUKIOH and PVIDYA and the algebraic properties mentioned 
above can be converted into the subroutines given below. 
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(vi) ax 0 bx = cx : PUKION 

PUI\lION(QVA,aVB) = QVC 
QELEH(aVA) = QBAS1(IB1) 

OKLEM(OVB) = yBAS?(lB2) 

IF (QVA = Q6) . OR . (qvB = QS) QOUT = Q8 
GO TO 1 

t:LSE QOUT = Q8 
DO I = 1, IB1, J = 1, IB2 
10 GOUT = QUPION(QOUT,Ql''iIN(QEASl(I) , QBAS2(J)) 

GO TO 1 

1 QVC = QOUT 

(vii) QL -1 “and** ■— ax A bx = cx : PVIDYA 

PVIDYaCqVAjQVB) = QVC 

Same as PUNION except that QlilN is replaced 
by QMAX in 10 as 

20 QOUT = QUNI0N(Q0UT,QMAX(QBAS1(I), QBAS2(J)) 

Employing these two QL-1 connectives, the other two 
connectives ’’imply” and ’’equivalent” can be simply defined 
in QL-1 as in (lOa), (lOb). Hence no separate functions are 
defined for these and they are calculable from the general 
subroutine PBIhPT given in (viii) below. 

q(i) I q(j) = q(i^) g q(i) J 

q(i) I q(j) = (q(i) A q(o) ) 0 (q(i^) A q(d^)) 

(The corresponding Eq.(8) on page 11 of Lecture-4 is to be 
replaced by (lOa) and (lOb) as being more precise.) 


(10a) 

(10b) 
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Combining (9))£or dealing with a general Z(k, ^)jWith (10) 
to extend the theory from A(1, 1) aiid 0(1, 1) to E(l, 1) and 
J(l, l), the algoritlim for a general relation ^ Z{kf £) bx 
in the binary form of implementation can be made, as given in 
the algorit’rim for the function PBINPI below. As mentioned 
earlier^the output of this binary product in UL-1 is a 3-vector 
and not a Boolean scalar as in SKS and QL-1. Consequently, the 
function has the form given in (viii) below% 

("viii) I B i na ry pro duct •— ^ Z(k,^) bx = c x J PblMi^ 

P3IKPr(QVA,SMX,SK,SL,CVB) = QVC 

SK = 1 QOK = PEQU 

SK = 2 QOK = PKOT 

SL = 1 — > QOL = PEQU 

SL = 2 --4. QOL = PNOT 

QVC = PVIDYA(Q0K(QVA), QOL(QVB)) for SM = SM^A 

QVC = PUNI0N(Q0K(QVA) , QOL(QVB)) for ^ * SMO 

QVC = PUNION(PNC(r(QOK(QVA)), QOL(QVB)) f or SMX * SMI 
QVC = PUNION(PVIDYA(QOK(QVA),QOL(GVB)) , 

PVIDYA(PNOT(QOK(aVA)), PMar(QOL(QVB)) )) for SMX * 5^E 

The above are the subroutines which are required under 
QL-1j which is not practically applied as such, but theoretically 
very valuable for QL-1A calculus which is the standard form 
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employed in predicate calculus. It will be noticed that a 
general SNS matrix SM2 is not defined in our QL-1 algebra, 
but only the logical matrices Z(k,^) in Sb'S, namely dMX,SK,SL 

ISIS 

with ^ A, 0, I j are employed in the subroutines mentioned 
above for PLOGIC. In fact, only these laatrices are used in the 
definition of logical relations in standard predicate calculus 
which Is our QL-1A algebra. (The extension to all 16 2x2 
matrices Z can be done, but has not been included here, 
since a very different formalism for implementing PLOGIC may 
have to be employed for this purpose.) However, it should be 
mentioned that the formulae given above are the analogs of 
SSTV and QSTV, rather than SSTV2 and QSTV2, since as will be 
seen from the outputs in Section 4(e) , the output of a binary 


relation with a=(4),orb=(/)in aZb«c^ is always c = 


for both A-type and g-type connectives Z, (and naturally also 


for E-type and I-type). As will be seen from the practical 


examples to be worked out later, there is complete consistency 


betwen logical relations^ and we really deal with logical relations 
in quantifier theory_,and not with merely 5- member set theory. 

This will become clearer after examining particular examples 


of the application of the theory. 
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Before going to the elgorithms in QL-1A, we shall give 
8 Brief -introduction to the algebraic theory of the relation 
between 0L~1 and QL-IA forajulations and then give the algorithms 
fur obtaining the output of unary relations and the SKS truth 
values of binary relations in QL-1A, 

( c ) Theory , of _ tlie_J^L“_lA_hinary _relat-^ 

The equations that we will deal with are (3a) ajid (3b) 
for unai^y and binary relations in QL-IA, which correspond 
respectively to (6b) and (6a) of QL-1 for binary reverse and 
binary forward relations, as mentioned in Section 4(a). ’^'e shall 

now give the essential features of this relationship which 
enables us to carry over the algorithms developed above for 
QL-1 almost completely into QL-IA. 

Considering first, the QL-1A binary relation (3b), we are 
given a relation, whose connective is associated with a quantifier 
(g^x) and an SNS connective and we wish to find out the 

truth value of this relation for the inputs ^ and bx. In QL-1 , 
we have already worked out the subroutine PEIKPT to work out 

the Quantifier state cx of the resultant term when ax end bx 
are related by Z(kf£) as in (6a). To obtain (3b) from this, 
it is only necessary to find out the relative truth value CR&LTV 
of cx for ^x. Vt’e shall illustrate this by the second example 




.35. 


MR -61 

MATLOG-2 

3.7,87 


of 6L-1A binary relation in (5b). In this^ the inputs are 

^ = (9x)(g.x) = (1 1 0), bx = (3x)(-'lgx) = (0 1 1), Kbich 

are put in the relation ax A(1, 2) bx , and can be sjiov/n, 

usin^ ITTNPT, to yield the output cx = (l 1 1) = (Ax)(cx). 

V.'e v;ish to obtain the truth value of this for the quantifier 

st ate (Vx) ir, Eq.(5b). For this, we make use of hL-2 alpebra, 

and calculate |(3l\/) = (<^ 1l|l0(^, 1 l|oi 1^) 

= (1 1) = D, which is the answer given in (5b). Looking at the 

problem logically, if (3^)(£x;) is true, and (9x)('^1bx) 

is true, then we cannot say for certain that cx = ax A ^ Ibx 

one 

is true for at least/x, since x^ for which ax is true, may, 
or may not, correspond with X 2 for v/hich ^x is true. On the 
other hand, the input conditions also permit that both gx and 
'Ibx could be true for all x ^ so that the quantifier state 
(V x)(qx) is also possible. Hence the relation (^x)(ax f\ ] bx) 
could be either true or false, i.e. it is indefinite for the 
given inputs, so that its truth value is the SMS state (1 I) = D. 

If, on the other hand, in (5b) the second input is 
(3x)(fex) = (1 1 0), then using the same subroutine FBIKFT, 
we obtain cx = (0 1 I) = (9x)('')cx), The relative truth value 
(ORLLTV) of this for i\/x)icx) is t(Al i/) = (<$■ 1 1 h 0 o> , 
^ 1 1 j 0 1 j)>) = (0 1 ) = F , w’hich indicates that the inputs 
definitely do not satisfy the relation. Logically, also, if 
for sonje x, bx is true, then the expression {\/ x)ip: A "Ibx) 
which require bx to be false for all x, cannot be true, so tliat 
the truth value of the relation for tie given inputs (3x)(ax) 
and (9x)(bx) is F - (O 1). It is Interesting that all these 
considerations are automatically taken care of in LVI-IF. 
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Thus, the alfiox-ithm for calculating the SNS truth 
value of a QL-1A relation becomes straight foi-ward and may be 
given as follows in subroutine (ix) PSTV. 

“““ (q 7 x)(ax Z(k, -^) bx) = ax : P8TV 

P8T V ( QVZ , QVA , bPK , SK , SL , QVB ) = SVC 
QVC = PbIhPr(uVA,Sia,SK,SL,GVB) 

SVC = QrmTV(ovc,Qvz) 

This is probably the only algorithm that is needed for binary 
relations in QL-1A algebra. We shall now consider unary 
relations of the type (3a). 

(d) Theory of the Q L-1A un ary relation 

Before considering the QL-1A unary relation (3a)^we shall 
consider Eq.(6b) giving the QL-1 binary reverse relation. 

The principle of the binary reverse has been discussed in 
several earlier reports, and as applied to QL-1, it is considered 
in some detail in MR-53 and 54. Essentially, the idea is that 
the relation ax Z bx = cx is given, and instead of calculating 
^x as output for given ^ and bx, we calculate bx as output 
for given cx and ax. The word "reverse” is applied because 




MR-61 

FiATLOG-2 

1.7.87 


. 37 * 

the otitput of the relation is a^-ailable^ and in rev<$rse, 

it restricts the ielatlonship hstv/oen ax and bx, so that^ 

if one is given, the other can be calculated. If this idea 

3x3 

is kept in mind, then^Tables A (a) and 4(b) can be reversed to 

obtain b given c and a , as in Table 5(a) and 5(b) (copied from 

KR-56) , Hole that the notation for tlie, revei’se relatfcn a (c,^)sb 
corresnonds to the forv;ard relation a2b = c. ^ ^ 

Tahle^5» _3x^ ti^th t£l^e :^r pL”1 bina ry reverse reiatiot^^ 


(a) a(c, A) = b (b) a(c, Q) = b 


c 

[v £ 


c 

V £ 0 

a 



a 



V £ # 


v"' 

A 0 0 

£ 

0 3 A 


z 

3 A 0 


0 0 A 

1 

i 

V £ 0 


shall 

These tables have been derived in MR -53 and 54, We / indicate here 
how they^/ilgorithmised for application. As given in page 15, 
Lecture-4 of MR-56, a very neat algorithm can be given for the 

bel 

quantifier state of the output as given in Eqs. (I1a,b) and (I2a,bi 
Denoting the quantifier states of a and ^ by q(i) and 


then, for i,k ** 1, 3,5 fojf basic states, the quantifier state 
q(j)^ of the output b j is given by (ll)and (12) respectively^ 
for the connectives A(1, I) and 0(1, I), 
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For A 


If k f q(o) s= 0,(8) 


( 11a) 


If k ^ i, q(o) *= q(k - i + 1 + 2 ), where L » (i+l)/2 (l1b) 

0 


For 0 

If k > i , q( j) = q(8) 

L 

If k ^ -t, q(o) = q(k + 2 ), where L = (7 - i)/2 


(12a) 

(12b) 


To obtain a(c, I) = b, we iraKe use of the equivalence 

(a I b = c) (af Q b = c), so that, in reverse, we can express 

the operation of I by 0 ^ as in (13). 

(a(c, I) = b) 4-^ (a^(c, 0) = b) (13) 

Also, more generally, for A(k, ^) and 0(k, -^) , we use (9) 
for the forward relation, which yields in reverse, the' equations 
( lAa,b,c) . 


(a(c,‘ Z(k,^)) = W (a‘(c, g(l,l)) - b») (l4a) 


where 


£' ® S» ^ according as k 1, 2 j 
b’ = b, according as 1, 2 


(14b) 

(l4c) 


No simple expression can be given for 1 ^ occurring in a QL-1 

reverse relation, in terms of the corresponding relations for 
A and 0 , in this formalism. However, by directly inverting 
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tlie 3x3 truth table of the forv’ard relation a E b = c, it 
Can he shewn that the reverse relation a(c, E) = b has exactly 
the scdiie 3x5 table in the foraat of Tables 5(a) and 5(b), as the 
corres]'Onflin£, table for the fon--’ard relation in the foripat of 
Tables 4(a) and 4(b) « (See hR-55 and FP.-56 for these tables — 
the corresponding 8x8 tables are printed out in Section 4(e)). 

he shall now show that the binary reverse relation in 

QL-1 is equivalent to the unary relation in QL-IA'^by tahing 

an exaniple^ as was done for the binary forward relation. The 

is 

inter-relationship between (3a) and (6b)/ that, if cx of (6b) 
is put equal to (qyx) of (3a), then the two equations are 
logically equivalent to one another. Considering the example 
(ha)^we are given that there exists at least one x'‘ for which 
ax implies bx^ and that ax is true for all x". Then the 
conclusion that "there exists an x" for which pi is true is 
obvious. In the ©L-1 formalism, it takes the following form. 

In the binary forward form^ given that ax is true for all X; 

and bx is true for at least one x , the relation ax ^^bx = cx 

is true for at least one x. Therefoi'e, given ax is true for all x, 
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and that the relation is true for at least one x, wliat Is 
the quantifier state of bx that will satisfy this condition? 
Obviously, it is (Dx)(bx). 

Hence^ Eqs.(l1a,b) and (l2a,b) can be taken over bodily 
for Eq.(3a) v;ith the equivalences (l5), for all Z = A, 0, E, I 

(a^ = q(i), q(d)» £= qC^)) of QL-1 

4r=^ (^ = q(i), b = q(d)» ^ = q(k)) of 0L-1A (15) 

for 4 and 0 

The tv:o subroutinesy'are named ’’unary and”, "unary or” of 
PLOGIC) and refer to QL-1A algebra with the inputs put in the 
sequence q^, ^ , and the output being labelled ^ . The 

following MATLOG subroutines will become obvious from the above 
c onalderat ions . 

Unary and for QL-1 A — • (^x)(ax 4 Ux) : PUNAKD 

PUKAKD(QVZ,QVA) = QVB 
QELEM(QVA) » QBASl(lBl) 

QELEM(QVZ) = C©AS2(IE2) 

IF QVZ . OR . QVA = Q8 , QOUT = Q8, GO TO 1 
ELSE QOUT = Q8 


DO II = 1, IB2, J1 = 1, XB1 
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Denote (ffiAS2(Il) as QK 
Denote QBAS1{J1) as QI 

If K < I , QJ = Q8 

else QJ = Q(K - I + 1)@ Q(K - I + 3)(^ Q(K » I + 5) 
where number of terras is (I + 1)/2 
10 QOUT = QUWI0N(Q0UT,QJ) 

1 QVB = QOIIT 

(xi) Unary or for QL-1A •»- (g2x)(ax 0 bx) t>x ; PUhOR 

PUNOR(QVZ,QVA) a QVB 

Same as for PUNAND except that the conditions are replaced by 
If K >1, QJ a Q8 

else QJ a Q(K - I + l) ® Q(K - I + 3) ® Q(K - I + 5) 
where number of terms is (7 - l)/2 

We can generalize these two unary relations to a general 
unary relation of the type in (3a) with Z = Z(k, ^), 

Z a A, 0, E or I. In an obvious notation, this takes the form 
of the function PUNPDT below. 

(xii) General unary product for QL-1A (^x)(ax Z(k, Z) bx) 

bx : PUNPDT 

PUNPDT (QVZ,QVA,SMX,SK,SL) » QVB 

SK a S1 — » QOK a QBQU 

SK a S2 » QOK a QNOT 

SL a S1 QOL » QEQU 

SL a S2 QOL a QNOT 
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If SM = SMA , 

QVBP = PUNA^^D(QVZ,GOK(GVA)) 

CVB = QOL(QVBP) 

If SFiX = SKO , 

OVB = QOL{rUNOR(QVZ,QOK(QVA))) 

If SMX = SFil , 

GVB = QOL(PUrxOR(eVZ, COKCPNCrCcVA))) 

If 3FX = , 

lVB = PUN i ON ( PV ID YA ( GOK ( OV A ) , QOL ( QVZ ) ) , 

PV I DYA ( FN or C QOK ( uV A ) ) , PK or C QOL ( uVZ ) ) } ) 

This completes all the subroutines that are needed for PLOGIC 
in its application to QL-1 type binary forward and binary 
reverse relations as well as QL~1A type unary and binary 
relations. No separate program is written for QL-1 binary 
reverse relations as they are equivalent to QL-1A unary relations 
and these subprograms for PUl'JAND and PUNOR can be used for this 
purpose with QVZ being replaced by QVC for the QL-1 binary 
relation. 

As v/ill be seen from the outputs of these subroutines 

which are obtained as solutions of some of the problems given 

below, the KATLOG slgorlthmsj which are based on a semi-empirical 

algebraic notation employed for PLOGIC^ agree completely with the 

1 ic 3.1 

truth tables obtained from an intuit ive/apprcBch in the earlier 
reports M- 53 » 54 and 56. 
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( e) ..I ret ions sn d problem s in PLOGIC 

The exartjples given below are of three types. 

(a) Outputs of the subroutines PUhlON, PYIDYA, FUUI^ 
PUi',OR,PBJhl'T , PUl'^PDI and PSTV. Not all of them are printed 
out, but soine examples are shown to illustrate tiie nature of 
t’ne output of these functions. 

(b) Some formal relations between different logical 
connectives are tested out in 8x8 tables by the application 
of liATLOG. These include the description of equivalence 

as the union of suitable conjunctions and as the vidya of 

suitable implications, the De Morgan relation between a 
its 

conjunction and / corresponding disjunction in QL-1,and 
the equivalence (13) in QL-1A : 

(^x)(ax |x) 4 =^ '^(^x)(ot Z bx) (13) 

(c) Illustrative examples of some simple problems in 
predicate calculus solved by PLOGIC subroutine of MATLOG. 

Problems 9A and B 

A. Obtain the 8x8 truth table for binary "or" and "and" 
in QL-1, employing the r.ATLOG subroutines FWlON and PVIDYA. 
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B. Similarly obtain the 8x8 truth table for the 
c oi)jooctives "imply*' arid "equivalent*' usliig PiillvPT, 

Coi!!inents on the out pu t of Pr ob l_eris_ 5A._,and 

The four tables corresponding to 9A and 9B ere given 
on pages 45 and 46 

be.low in Tables 5(a“-d)/. It can be verified that they agree 

completely with Tables 7( a-d) , pages 120, 121 of MR~53 v.hich 

were obtained by intuitively working out the logic of each 

QL-I binary relation from ab .in it ip considerations based on 

the definition of the QL-1 relation in terms of the input 
of 

truth values/^, bx and cx, 

1 0 A and 10B 

Both the functions PUNOR and PUIvAND as well as the general 
subroutine PUlN'PDT can be checked by obtaining a set of tables 
similar to Problem 9 from the KATLOG programs. This is done 
via problems 10A and B. 

10A : Print out the 8x8 truth tables for QL-1 *'or"(PUKOR) 
and QL-1 "and" (PUL AND) for, the logical relation (q 2 x)(ax Z = bx) 


for 2 = A, 0 . 
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Table 5. Outputs of the subroutines PUNOR. PUNAM) and of 
PUNPDT for E(1, 1) and 1(1, 1) 


(a) itiin'iii ,i! 


I 

(,"'A 

' ' ' 1 ' 1 'i 1 1 

r ■. I'AI 

Ml X 

S'llh 

1 MU 

AON 

IMI’ 

n! I 

III 1 

III 1 Al. 1 

III 1 

Al 1 

i'll 1 

Al 1 

1 MM 

( ' 

III 1 

1 'a; ! 

1 X:. 

! ''A 

I ^A 

1 xo 

1 Ml ' 

lAi! 

iM 1 

1 ' hni 

Ml 'll 

1 '‘A 

1 ill' 

1 MU 

LMM 

Ml • 

i'll 1 

1 ' ■; MAI 

>'1 A 

AOMi 

1 MU 

AON 

LMM 

' ll )( I 

nl 1 

1 1 'Ml 

'IMi 1 

1 ' A 

n ■; 

! '^M. 

h'lM 

I Mil 

i'll 1 

1 ' ■> IMli 

I Mil 

L ' A. 

li'Hi 

I MU 

I’MM 

i.fiM 

i'll 1 

I Iflll 

fiMM 

1 

1 MU 

iiON 

I MM 

lilM 

hiM 

hiM rMiM 

(MF' 

h'lM 

1 MM 

hUM 

IMM 


(b) 

lUMi'Ml III 

M"l 

fi 1 A 






OVil 

'I- 

III ! 

1 >A 

fiAl 

Ml 

Oi iM 

rMu 

iiil|i 

1 hr' 

Al 1 


r,i ! 

1 w , . 

« \ » ■ 

NAI 

W \ 

b'l'lf'l 

INU 

AON 

1 MM 

i:xos 


1 XA 

]NU 

NAL 

Ni;x 

MAI. 

fN'U 

INU 

IMP 

NAI 


MAI 

MAI 

NAI 

Nl."\ 

NAI 

NAI 

NAI 

1 MM 

N1 '' 


Ml X 

Ml 

Nr> 

MI X 

NF'' 

Nl 

|i| X 

I MP 

ru)M 


OOM 

fFAl 

NAI 

NFX 

NAI 

NAI 

|iAI 

FMM 

INU 


INU 

1 Nil 

NAI. 

NFX 

NAI 

INU 

FNJi 

IMP 

Ailf'i 


AON 

Ifin 

NAL 

Ml >' 

NAI 

1 NU 

AON 

IMM 

1 MM 


IMM 

IMM 

1 Ml ' 

IMM 

FMM 

IMI 

IMM 

1 Ml’’ 
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(c) 

(tlJH'in I 

AN’ I -H INI '7 

Al I Cl 

1 ^ 




t'UA 

AUH A I I 

I x<; 

NAI 

Nl X 

A AM 

INTI 

AON 

liMr 

A! I 

Al I 

I XA 

NAI. 

Nl X 

SAM 

1 N)i 

AON 

FMl' 

I XJ) 

r XC) 

[Nil 

TNIi 

NAI 

1 iTi 


1 Nil 

.1 MP 

NAI 

NAI 

iNn 

INfi 

rXA' 

1 Nil 

1 Nil 

TNII 

‘IMP 

Nl X 

Nl X 

NAI 

rxG 

A I I 

SAM 

TNII 

AON 

T Mr- 

J5()M 

f)f)M 

INIi 

TND 

SOM 

1 Nil 

IND 

IND 

IMP 

I 1 1 

I Nil 

TNTi 

I Nil 

1 Nil 

1 Nil 

INIi 

TND 

T MP 

mAN 

ANN 

I Nil 

TNII 

AON 

INJi 

1 Nil 

AON 

IMP 

IMI"' 

I HI' 

IMF' 

IMP 

■| MP 

1111' 

IMF' 

IMF' 

IMP 


(d) 

null 

■AI 1 Al 

F-T-irNL’T 

01 1(1 

y 1 ) 




QAA 

HAD 

Al 1 

rxs 

NAI. 

NEX 

SOM 

IND 

AON 

IMP 

ALL 


ALL 

EXS 

NAL 

NFX 

SAM 

IND 

AON 

IMP 

rxs 


ALL 

EXS 

IND 

NAL 

F>,S 

TND 

IND 

IMP 

NAL 


Al. 1. 

FXS 

EXS 

EXS 

F XS 

rxs 

EXS 

IMP 

Nl X 


Al 1 

ALL 

ALL 

ALI 

ALI 

ALI 

ALI 

IMP 

SAM 


ALI 

EXS 

EXS 

SOM 

CXG 

rxs 

EXS 

IMP 

IND 


Al ! 

EXS 

IND 

IND 

P-XG 

.IND 

IND 

IMP 

AAN 


Al I 

FXS 

TND 

AON 

EXS 

IND 

AON 

IMP 

IMP 


1 hi-’ 

1 MF’ 

IMP 

1 HI • 

1 HP 

IMP 

•( HP 

IMP 
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(Revised 12,10.87) 

lUo : irint the truth tables for the abcr^/e predicate 
calculus i'^elatloQ for Ihe connectives S(1, l), 1(1, 1), A(2, 2), 

0(2, 2) using the general subroutine PUl'^lPOT for these coiinectivos. 


CoMtients, on, the ou;^ut_pf rrpbleras. 10A_and_10B 

The outputs are shewn in Tables 6(a~d) in pages 48 and 49. 

It will be noticed that the tables are not sjurnietric in the tv'/o 
inputs, namely UVZ and QVA, since the former is the ouantifier 
associated with the connective Z , whj,le the latter is the input 
It can be checked that the first two tables fo(a,b) for the 
Problem 10A are identical with Tables 6(a,b) in page 113 of MR-53, 
obtained for the same problems by intuitive ab initio calculations, 
using the logic of the relation between ax and bx for individual 
members of the set that are quantified. The data in Tables 6(c,d) 
of Problem 10B can be seen to agree with Tables 6(c,d) in page 
113a of MR-53, while those in (e, f) indicate how other connectives 
can be implemented. 


The fact that simple algorithms could be formulated for 
working out all the possibilities indicate the cogency and 
consistency of the algebraic formalism which has been adopted 
for predicate logic via the BA-3 algebra of quantifiers. The 
tests given below are designed to check the interconnections 


between these formulae 
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T«bi. 6 . rkb trMth K '^rnrf ^ 

the connectives A{1, l)t 2^ "It '')> 1^’’* '') ’ 


(a) nuTFUT or |•■llNnR 


QVA 

nvz 

Al 1. 

rxG 

NAL 

NFX 

SOM 

IND 

AON 

TMP 

Al 1 

TNIi 

TNIi 

FXS 

ALL 

rxs 

TND 

TND 

TMP 

r xo 

TND 

TNIi 

TND 

FXG 

TND 

TND 

TND 

TMP 

NAI 

IMP 

NAL 

NAL 

NAL 

NAI 

NAL 

NAL 

IMP 

Nl X 

IMP 

IMP 

NFX 

NFX 

TMP 

NFX 

NFX 

TMP 

OOM 

TMr- 

NAI. 

NAI. 

GOM 

NAI 

NAI. 

GOM 

TMP 

] Mil 

IND 

IND 

TND 

IND 

TND 

TND 

TND 

TMP 

AON 

I Nil 

rND 

IND 

AON 

rxs 

TND 

IND 

TMP 

IMP 

IMP 

IMP 

IMP 

IMP 

TMP 

TMP 

TMP 

TMP 


(b) 

OUTPUT OF 

PUNAND 






QVZ 

OVA ALL 

EXS 

NAL 

NFX 

SOM 

TND 

AON 

IMP 

ALL 

ALL 

Al L 

TMP 

IMP 

IMP 

ALL 

ALL 

TMP 

FXS 

EXS 

FXS 

EXS 

IMP 

EXS 

EXS 

EXS 

IMP 

NAI 

NAL 

TND 

IND 

IND 

IND 

IND 

IND 

IMP 

NEX 

NEX 

NAI 

TND 

IND 

NAL 

IND 

IND 

IMP 

SOM 

SOM 

EXS 

EXS 

IMP 

EXS 

EXS 

SOM 

TMP 

IND 

IND 

IND 

IND 

TND 

IND 

IND 

TND 

TMP 

AON 

AON 

TND 

IND 

IND 

NAL. 

IND 

TND 

TMP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP 

TMP 

TMP 




MR-fo1 

MAILOG-2 


.49. 


(c) OUTPUT FOR PLINPriT OF F(1i-I) 


QUA 

nuz 

ALL 

EXS 

NAL 

NFX 

SOM 

IND 

AON 

IMP 

ALL 

Al I 

EXS 

NAI 

Nr X 

SOM 

TND 

AON 

rMi- 

FXS 

EXS 

IND 

TND 

NAL 

IND 

IND 

IND 

TMP 

NAI- 

NAI 

IND 

TND 

FXS 

TND 

TND 

1 ND 

] MP 

NEX 

NEX 

NAL 

FXS 

ALI. 

SOM 

IND 

AON 

IMP 

SOM 

SOM 

TND 

INFI 

SOM 

IND 

TND 

TND 

TMP 

IND 

I Nil 

INFi 

IND 

TND 

TND 

IND 

IND 

TMP 

AON 

AON 

INF! 

IND 

AON 

TND 

IND 

AON 

TMP 

1 MP 

TMF- 

IMP 

IMP 

TMP 

IMP 

TMF' 

TMP 

IMP 


(d) OUTPUT FOR PUNPriT OF Kiri) 


QUA 

QUZ 

AL 1 

EXS 

NAI 

NEX 

SOM 

TND 

AON 

TMP 

ALL 

ALL 

EXS 

IND 

IND 

EXS 

TND 

TND 

TMP 

EXS 

FXS 

IND 

TND 

IND 

TND 

IND 

TND 

IMP 

NAL 

NAL 

NAL 

NAL 

IMP 

NAL 

NAI 

NAI 

TMP 

NEX 

NEX 

NEX 

IMP 

IMP 

TMP 

NFX 

NFX 

TMP 

SOM 

SOM 

NAI 

NAI 

TMP 

NAI 

NAI 

SOM 

TMP 

IND 

IND 

IND 

IND 

IND 

1 ND 

IND 

TND 

IMF' 

AON 

AON 

IND 

TND 

IND 

EXS 

TND 

TND 

TMP 

TMP 

IMP 

IMP 

TMP 

IMP 

IMP 

I Ml - 

IMI- 

1 MP 
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(e) 


OUTPUT rOR PUNRDT OF A(?f?) 


QUA 

0V7 

Al 1. 

FXS 

NAI 

NFX 

SOM 

IND 

AON 

IMP 

Al 1 

ALL 

ALL 

IMP 

IMP 

IMP 

AL.L 

ALI 

TMP 

FXf) 

FXB 

FXS 

FXS 

IMP 

FXS 

FXS 

rxs 

IMP 

NAL 

NAL 

TNIi 

TNIi 

TND 

IND 

IND 

IND 

IMP 

NFX 

NFX 

NAI 

IND 

TND 

NAL 

IND 

TND 

IMP 

OOM 

SOM 

FXS 

FXS 

IMF' 

FXS 

FXS 

SOM 

IMP 

INIi 

I Nil 

TND 

IND 

IND 

TND 

IND 

TND 

IMP 

AON 

AON 

IND 

IND 

IND 

NAL 

IND 

TNII 

IMP- 

IMF' 

IMP 

rMP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP 


(f) OUTPUT FOR F'UNPriT OF 0(?r2) 


QUA 

QUZ 

ALL- 

FXS 

NAL 

ALL 

TND 

IND 

FXS 

FXS 

IND 

IND 

IND 

NAL 

IMP 

NAL 

NAL 

NFX 

IMP 

TMP 

NFX 

SOM 

IMP 

NAL 

NAL 

IND 

IND 

IND 

IND 

AON 

IND 

IND 

IND 

IMP 

IMP 

TMP 

IMP 


NFX 

SOM 

IND 

AON 

TMP 

ALI 

FXS 

IND 

TND 

IMP- 

FXS 

TND 

TND 

TND 

IMP 

NAL 

NAL 

NAL 

NAL 

IMP 

NFX 

IMP 

NEX 

NFX 

IMP 

SOM 

NAL 

NAL 

SOM 

TMP 

IND 

IND 

IND- 

IND 

IMP- 

AON 

FXS 

IND 

IND 

IMP 

IMP 

TMP 

IMP 

TMP 

IMP 
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Prohl era ,1 1 Aj_ _B 

A : Verify th?t the tv/o vays of writing the equivalence 
relationjas (iisjunction of A{1,1) and A(2,2)jand the conjunction 
of T(1,1) and 1(2,2), which is vaJid in SKS^can be carried over 
to QL“-1 . This can done by vn'iting the equivaJence relation 
nx iXijl) bx as 

(ax a( 1, l)to:) 0(1,1) (ax A(2, 2) bx) (lGa) 

(ax l(l, 1) bx) A(1, 1) 1(2, 2) bx) (l6b) 

B i In a similar manner, check the following Be Morgan 
relation given in (17)^ analogous to the Be Morgan relation in 
SKS^ between the connectives 0(l, 2) and A(1, 2) i 

(ax 0(1, 2) bx) = l(“Iax ^(1, 2) \ bx) (1?) 

ion of the Problems 11A and B 

The KATLOG statements to be verified are as follows: 

QVC1 = PUKIOK(PVIDYA(QVA,QVB), 

FVIDYA (QNOT ( QVA) ,QN0T ( QVB ) ) ) 

UVC2 = PVIByA(PIKPLY(QVA,QVB) , PIMPLY (Q NOT (QVA) ,01^ CT (QVB))) 
where PIMPLY (QVA, QVB) = PlliI0N(QK0T(GVA),QV3 ) 

The 8x8 tables for QVC1 and 0VC2 obtained as computer outputs 
are given below in Table 7, page 51* 
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Table 7. Output for Problem 11A 


iK'n 


UVA 

ALI. 

EXS 

NAI 

NEX 


I ND 

nON 

TMP 

ALl- 

ALL 

EXS 

NAf 

NEX 

soh 

TND 

ahn 

TMP 

rxr^ 

CXS 

IND 

1 ND 

NAL 

IND 

TND 

TND 

IMP 

NAI 

NAL 

TND 

TND 

FXS 

TND 

TND 

TND 

TMP 

NEX 

NEX 

NAL 

CXG 

ALL 

SOM 

1 ND 

nON 

fhP 

GOM. 

SOM 

IND 

IND 

SOM 

IND 

1 ND 

TND 

IMP 

I ND 

IND 

IND 

IND 

IND 

IND 

J ND 

IND 

IMP 

AON 

AON 

IND 

IND 

AON 

IND 

TND 

a6n 

IMP 

TMP 

IMP 

IJjP 

IMP 

IMP 

rhp 

TMP 

IMP 

IMP 


nuc? 


QL^D 

QMA 

ALL 

EXS 

NAL 

NEX 

SOM 

IND 

AON 

IMP 

Al 1 

Al I.. 

EXS 

NAi 

NE) 

SOM 

IND 

AON 

IMP- 

EXS 

EXS 

IND 

INV 

NAL 

IND 

IND 

IND 

IMP 

NAL 

NAI. 

TND 

TND 

X 

L: 

I^‘D 

INU 

IND 

IMP 

NEX 

NEX 

NAL 

EXG 

Al L 

SOM 

IND 

AON 

IMP 

GOM 

SOM 

TND 

IND 

SOM 

TND 

TND 

IND 

IMP 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IND 

IMP 

AON 

AON 

IND 

TND 

AON 

IND 

IND 

AON 

IMP 

IMP 

I MP 

TMP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP 
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It ^^^in he «cen that the tv;o tsbljes completely e^^rce 
;.ijd also that they p^ree ^^ith Tah?Le 7(d) of r''R-=53, wliere t*-® 

0x8 table, obtained from aprJori logical cons hi orations, 5.s given, 

11B : The I'lATLOG stetements for verifying the equivalence 
of the r.hoS as.od l,h,s of (17) are 

PB3NFT(QVA,SMO,SljS2,QVB) « QVC1 

QrOT(PBIKPr(QK0T(QVA),SMA,S1,S2, QKOr(QVB))) = C!VC2 

The check that QVC1 = QVC2 for all possible quantifier states, 

Q1 to Q8, for the inputs QVA and QVB, may be seen from Table 8 
below. This indicates the essential facility of MATLOG 
algorithms to take care any general logical statement in 
QL-1, It should be noted that ”negation" is QNOT, corresponding 
to the BA-3 operator for QL-1A logic, and this is uniformly 
applicable to all formulae. The reason for this is because 
the negation is for the predicate and not for the quantifier 


as in QL-2 logic. 
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nvoi 




nuD 

ALL LXS NAL 

Ni:x S 

OM 

TND 

AON Imp 








A! L 


AL! Al L ALL 

Al L ALL 

ALI 

Al 1 1 nP 

r xn 


Al L r XA rxs 

FXS rxs 

FXS 

rxs fMP 

NAl 


ALI \-\'3 TNn 

NAL E\S 

TND 

LNTi IMP 

Nrx 


ALL LXS NAL 

NFX S 

OM 

IND 

AON IhP 

SOM 


ALL LXS LXS 

SOM E 

xs 

EXS 

FXS IMP 

IND 


ALL EXS IND 

IND EXS 

IND 

LND Flip 

AON 


ALL EXS IND 

AON EXS 

IND 

AON IhP 

IMP 


IMP IMP IMP 

IMP IMP 

IMP 

IMP IMP 



QUO? 





ALL 

. EXS NAL NE> 

SUM 

*IND 

AON 

FhP 

OVA 







AL.I 

A I ! 

ALL ALL ALL 

ALL 

AL L 

, ALL 

IMP 

FXS 

Al ! 

FXS LXS rX' 

. rxs 

rxs 

; rxs 

IMP 

NAl 

ALI 

LXS FNli NAl 

L^S 

•j ?>ni 

1 IND 

IMP 

Npy 

I'lLI 

FXS NA! NP' 

SOM 

TND AUN 

! rnr- 

SDN 

Al L 

LXS EXS son LXS 

FXS rxr 

; Flip 

!.Nri 

ALI 

FXS TND INTI nXS 

1N\I TND IMP 

AON 

ALI 

ILXS IND AON EXS 

FNTi AON 3 ML 

IMP 

IMI 

• IMP IMP ‘IMf IMP 

1 ML 

-• IMP IMP 
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fbese t\/o pt'olilenis require a new function PSMXCP, v.'ljicb is 
described in Section 4(f) in paj^es 56 and 57 v/hich should be 
read befnie ^oing fuither. These tvo X’roblems will be based 
on Eq.(13) on page 43 and will check the validity of the 


ecpJivalence given therein for chosen inputs. Problem 12A ' 
wi.U chock PirdhPr and PbTV, v>hjle 123 v/ill check PUlvPDT. 


.1^.4 • Check the cquaiity of the resultant truth values 
and C2 of the tv.'O equivalent statements (l8a,b) for the 
8x8 jiossible i'>airs bx. 

’’■"i(9x)(ax I bx) (\/x)(|x bx) (I8a,b) 

Solut ion t o Pr oble m 12A 

The HATLOG statements for this can be given as follows: 

F8TV ( QC OKP( Q6 ) , QVA , SMI , S 1 , S 1 , QVB ) = SVC1 

PSTV(ai,QVA,PS]yC-.CP(SMI,S1,Sl),C-VB) = SYC2 

Input QVA,GVB = Q1 to Q8 . 

The equality of SVC1 and SVC2 may be seen from Tables 9(a, b) 
giving the outputs for SVC1 and SVC2 . 
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Table 9 s 8x8 Tables oi SVC1 and SVC2 for PSTV 

i)Vr ; 

nys AL! ITVS-; nal nex r.oh inri aon iin- 

QUA 

Ai L F r n T r n d \ 

rxs F r n n f n d x 

NAL F r I r- r r r X 

NEX F r r F I" !" F X 

SOM F r r r r r F X 
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(Jiiock the equal tty the ciuarjtifier stetes of the tv;o 
ot!i,]iL'ts ; rd j 2 . 2 X £ivpn by (l9p,b) for all the eii^ht possible 

purnLiffi-r stoles of (q 7 x)on(j ax , 


""1(q',x)(|x I bx) l-> b.jX 
(q^x)tf;X 1*^ bx) l-> 


(19a) 

(19b) 


hcijjiiypo'i t_q_ r_i_ojDlcm_12B 

f'l.e Foi'trcri stateiuents for the outputs o7Bl end uVti2 ^ 
jj: lerj;s of the i*"nLjls wVZ ard uVA^ are as follov.'s: 

I-U;';PDr(fCOI,F(o^V2),-f/i^,BIJ,S1,Sl) = ;.VB1 
i-bhFfjT (QMLL( oV2) , QVA , P?MXGP(SMJ ,S1 ,S1) ) = QV32 

For checking the equality of CVB1 and QVB2j the 8x8 tables 
are printed side by side in Table 10(a, b) . It v;ill be seen 
that the two tables agree^ showing that the elgorithns including 


the nev/ function PSF2(CP are v.'ell formulated 
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1Q tables for QVB1 and QVB2 of Problem 1?B 




QUA 

QUZ 

ALL 

LXS 

NAL 

NPX 

COM 

IND 

AON 

1M[ 

ALL 

NA! 

NAL 

NAL 

IMP 

NAL 

NAL 

NAL 

IMP 

EXS 

NhX 

NFX 

IMP 

IMP 

IMP 

NEX 

NEX 

IMP 

NAL 

ALL 

EXS 

IND 

IND 

LXS 

IND 

IND 

IMP 

NEX 

EXS 

END 

END 

1 ND 

IND 

INIi 

! ND 

IMP 

SOH 

AON 

IND 

IND 

iND 

EXS 

IND 

IND 

IMP 

I Nil 

TNP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP 

IMP- 

AON 

SQM 

NAL 

NAL 

IMP 

NAL 

NAL 

son 

IMP 

I fir 

IND 

IND 

IND 

IND 

] ND 

IND 

IND 

LMf 


QVli? 


QUA 

QUI 

ALL 

LxS 

NAL 

NEX 

SOM 

IND 

AON 

IMP 

ALL 

NAL 

NAL 

NAL 

IMP 

NAl. 

NAL 

NAL 

IMP 

EXS 

NEX 

NEX 

IMP 

IMP 

I Ml 

NEX 

NEX 

IMP 

NAL 

ALL 

EXS 

TND 

IND 

EXS 

I NT! 

IND 

IMP 

NEX 

EXC 

END 

1 ND 

I ND 

IND 

END 

IND 

1 MF- 

SOM 

AON 

IND 

IND 

IND 

LXS 

IND 

IND 

J MF- 

IND 

IMP 

IMP 

fMP 

IMP 
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IND 
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FflF- 




•56* 


NR-.61 

Draft-2 

8.7.87 


Lfl.C name of 


m SNS lorical corjiective 


The standard definition of the SRS truth value of a 
I'elation a Z(k, i) b = c is based on the two equations 
4l Z(k,i)l b>= 0^, 4|zqk,i)l b>= Cj , 3e ading to 

c = (c^, C2). For doing this, the procedure adopted so far 
is to convert the 2x2 matrix Z(k, into its complement by 


taking the Boolean complement of each of the components Z 


A/^ 


of the matrix. In other words, the definition of the complement 
of a matrix connective is the one associated with the Boolean 


complement of its matrix, This, and the associated formulae 


in QLOGIC 

for 3x3 matrices^ have been the main basis of all the formulae 

so far. However, in PLOGIC and also in FQLOGIC , vre find 

tllfi f? 

the need to associate j naTae Z(k, X) with the desi/^nation of 
Z as one of A, 0, E, I and the indices k or standing for 

S1 or S2, and these are to be transformed into the name and 
indices of the complement of the corinective. Thus, 

A^(1, 1) = 0(2, 2); ^(1, 1) =0^(2, ^) = A(1, 2). Denoting 
the original connective by P^and its complement by Q, we wish 
to associate the name P, and the indices kp and ip , with 
the name Q and the indices kQ and ^by a suitable functiom. 
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This js readily possible, in terms of our FIATLOG notatlco, 
by defining a new function called "n?jae“ConiplGment" of an 
Si\S matrix in PLOGIC, namely PSKXCP, having the following 
slj'ucture. 

(xiii) N ape -CO Pip lament of. _8n SNS c onriec tiy e in P T-OGIC P = Q 
Denoting P by SKiXPjSKP^SLP and Q by SMXQ,SKQ,SLQ, v.e have 
PSMKCP(SMP,SKPfSLP) « SMXQ,SKO,SLQ 
For SMXP = SMA, SMXQ = SMO, SKQ = SCONiP(SKP), SLQ = SCOMF(SLP) 

SMXP = SMO, SMXQ = SMA, SKQ « SCOMP(SKP), SLQ « SC0MP(8LP) 

SMXP « SMI, SMXQ = SMA, SKQ c SKP, SLQ » SCQMP(SLP) 

SMXP = SMiE, SMiXQ = SM£, SKQ = SKP, SLQ = SCOMP(SLP) 

subroutine' 

As mentioned in connection with Problems 12A and 12B, this / 
has jjiteresting possibilities for solving problems in PLOGIC 
and PQLOG, using the algebra of a-1A and QL-IB. It can be side 
stepped and incorporated in the program for i^arious functions as 
given below. However, the function FSMXCP is very valuable for 
theoretical analysis of the inter-relations between QL-2, QL-1 
QL-1A and QL-1B^ and the program is likely to application 

in checking such formulae. In fact, the discussion given in the 
next Section 4(g) arose as a result of testing such ideas in 
connection with the algorithmization of QL-1B. 

(g) Co nstru ctio n of the matrix of a. 

As mentioned above, when the above ideas were fed in fof 
PQLOGIC (see Section 5), we observed that there is a need for a 
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in CL-2 for a 


j'elution of the type (\/y)(px) 0(2, 1) (3y)('by), from the 
till re aivon data, namely (t/y),p(?, l),(dy),/bos not been 


f Oji'ni:] die d ;’S an ah’ciitlin in IXflLCC althourh it is irnrdied 
In (17} of Section l(c) deallr.^ vith logical opeiators in X-S. 

In the above e:x;;.ple, the Sib connective g(2, 1), standing 
tor "'la \l b, is converted, by addition of the cua.ncifiers 
(\/x) and (3y) to | and b , into the fora '^1(\/x)(^x) \/ (3y}( 


correspofxling to the QL-2 connective 0(?, 6). The feature that 

/V* -r-v/- 

requires attention, from the point of viev; of the alforitlrm, 


is that the Ofi^rafcion of negation'^ in SI'S (.SCOMF) in — la V b 
is converted into the opeiation of "complementation” in GL-2 
(ul'IBI'l) in iy f and the latter is attached to tlie 
V v.'hich is associated vith and not to the 
inedicate a , This may look obvious, but it has to be properly 
introduced into thd set of subroutines, for it finds application 
in various problems. In fact, in an analogous situation in hL-1B 
i\/ x)(3y)(^l ax V by) has the equivalent form V 

( 3 y) (by) in CiL-2,v'hich corresponds to the connective 0(5, 6) 
and the Sib 'negation SCChF in “"lix is convex’ted into the 
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''nc/^ooiori" of tlie qunnLlfiad term in QL-E, corresponding to the 
ophrri.ion (tiPN, The foil algebraic theory of these is 


dt-rivable from the iTaterial presented in l‘ii-53 and ER-EA, bu 


jt is found that tliey tche a inncli simpler algorithmic form 
vhich has been discovered in the attempt at copn: uteri zing them. 
A brief sumr/ary of the tlieory of hL»1Ej and the algCiitlirn for 
the implemejit atlon of elementai'y ste" aments in hL“1B v^ia their 
dL'“2 equivalent Sj are presented in Section 5 belcv/. The 
Ireat'iient here closely follows the notation adopted in KR.-56__. 
Lecturc-4jfor 0L-1A and which v;e have adopted for PLOGIC. Sinc( 
the form of the relation in QL-1B is similar to GL-1j while 
it is implemented by converting it into QL-2, these types of 
statements are put under the title "PhLCGIC’ and discussed 


in the next Sections 5(a,b). 


The procedure for obtaining 


the equivalent matrix connective is closely similar to that 


in t LOGIC and 


the corresponding algorithm is given 


in Section 5(b), 


In view’ of these, we give below the amended form of 
Q(>:vjiJ as Q(xviia) and G(xvii b) , the first to obtain the 
name of the matrix Gl'*iZ,QK,QL in terms of QVK,Si-iX,SK,SL,GVL, 
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£Lnd the second for obtaining the matrix elements of the 3x3 
matrix c orresponding to 0KZ,0K,r'L. We give, in Daotion 5(c), 
the subroutine Pw(i) corresponding to Q(>o/jia) as aaolied to 
FuLOhlC. 

(xv.i ia) l:vPi.nix cojjnec_,taye_ in_^ y^ia lo^^__^ical 

conriective: o(k^) Z(k,-^) c(/,) = Z(k, 

diit; Oh ( C'VK , SI'jX , SK , SL , u’'/L ) = Dt .Z , CK , uL 
The notation may be illustrated by the example given above^ 
for vdiich we have 

QI'iC0N(Q1, SFiI,32,S1,Q6) = a''I,G?,Q6 

The statements required for this subroutines are 

OJtZ = GMA,a^lO,QMI,G!l-1E according as SI'K = SFA,SKO,SKI ,S^E 

QK = Q3QU(QVK),QN0TUVK) according as SK = S1,S2 
(X = QEQU(QVL) ,aM)?(QVL) according as SL = S1,S2 
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Ik.. K> lit i i^le o.u,f# j rs a;id_ the j r. iLipJeihent^at 


Jiiht as QL-1A a-nploys c qu."P.lifier associated with the 


Jo[_,ical coiinective, for a stater'ent copj’Osed of relations 
hei^-'cen noa-ntifier states, in 1 he form (q,/x)(aoc Z(k,^) hr), 
the ^h-ID type has the standard form, 


(qyx)(q 7 y) (ax Z(k, i) by) (1) 

Typical examples are 

(\/x)(9y) ='.^=>by) (2a) 

(3 x)(9 y) (ax A by) (2b) 

In our notation and formulation of predicate logic, statements 
of the type (2a) and (2b) have a very specific interpretation 
wiiich is somewhat different from the standard one ; but all 
standard relations can be shown to be expressible, in one form 
or the other, in terms of 6L-2, QL-1A and GL-1B forms. 


Thus, in (2a) end (2b), the variables x and y associated 
with a and b are different in TL-1?, and the quantifier 

It- -aw IT* ^ 
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associated with each is given by the variable that is adopted 
for the coi responding quantifier. Otheivise, there is no 
significance attached to the sequence of the quantifiers. 

Thus for example 

Pa) T5 (^y)(l/x)(ax by) (3) 

It becofiit-s particularly obvious vdoen this is v/ritten in teras 
of the disjunction opemtor as 

(2a) ^ (Vx)(jy)( I ax V ^y) 3 (\/x)( 3y)(by V 'll §x*) (4a) 

= ( 3 ) rd (3 y)(\/x)(-^'7|X V by) (4b) 

In Eqs, ( 4 a) and ( 4b), t'nere is no first term and second term 

within the bracket since they are connected by the co r i mutat ive 

operator "or", and no difference can be associated with the 

sequence of the quantifiers, which are different in (_4a) and ( 4b). 

This feature will become particularly clear when we give belov; 

the algorithms based on the essential principle of the standard 

prenex normal form of quantifier calculus. This principle is, 

however, applied in the reverse sense in EjVIuF, and the QL-1B 

form is converted into an equivalent QL-2 statement, wTiich is 

then implemented by the techniques of Section 2. Me shall 

indicate this below, and only the essential f ora ulae, required 

for writing the computer programsy are given, A fuller treatment 

v/ill be given in a separate report. 
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fiLTjJl.,sLajl§i?‘£als^ i 

via PQL O G . 

The name PQLOG is applied to this sub-prohi’am because 

it implowents F-type stateLients (CL-1B), but yi^ the process 

of converting them into QLOGIC ststeiueiits (OL-2). The 

subroutines for QLOGIC and FLOGIC, given in Sections 3 and A above, 

are assumed to be available, although they may not all be 

consider 

required. It is found that, just as in FLOGIC, ve j only a 
notation and formalism for describing a PQLOG relation and its 
unary and binary fonns of implement at ion, for the stand.ai'd SICS 

l ogical con nectives of the type A, 0, I, and not for a general 

2x2 matrix. The relevant algebraic ■f’ormulae^v.’liich are computerized 
In Section (c)^ ere given be1ov,, 

(i) QL-1B bi nary relation 

A binary relation, in general, has the form 

ax, by, (q 2 ^)(q 2 y) Z(k,i) by) c ( 5a) 

which is eauivalent to the QL-2 form 

Jl 

^ by C ( 5b) 

v.'here 

Z‘ = Z , for A, 0 (5c) 

and in ( 5b) , 

q(k) = q^x or q5x , according as k = 1, 2 in (5a) ( 6a) 

q(^ “ 3zy or q£y , according as -^= 1,2 in (5 a) ( 6b) 
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Extensions of these for Z * I, E are available, by using 
the reflation betv/een jiuplication and disjunction, and the 
description of equivalence as the d is. 1 unction of A(1, 1) and 
A(2, 2), as in QL-1A. 

Thus, I(1, 1) «= 0(2, 1), so that (5c) continues to be valid, 
Z* * Z = I, but (6a) gets changed to 

q(jc) = q|x or , according as k = 1, 2 in (5a) (6c) 

leavifig (6b) unaltered. 

Similarly, for Z(k,.^) =E(k,.^), k, = 1, 2 , the 

9m SS 

relation (5a) becomes 

(^x)(q 2 y) ((ax A(k, /) by) V (ax A(k^, by)) (7a) 

= (ax A(k, £) by) V (ax A(k* , ^') j^y) (7b) 

where q(k) , Q.(^*) = QgX or ^x, according as k, k® = 1, 2 (7c) 

q(^, q(^') = q 2 y or q^y, according as i, = 1, 2 (7d) 

Eqs.(7b,c,d) are valid only for the interpretation (7a) of (5a) 
for E(k, ^), and not for E expressed as the conounction of two 


implications 
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(li),. fclB ;:e3,,aj;i^ 

This has the foim 

^(l^» Jy) by) by (8a) 

which takes the equivalent QL-2 Xok'”ai 

8X, 8X Z’(k,|) k > by (8b) 

ajrid the relation between Z and Z‘ follows what was given 
above for the binary relation, with the change that, for |(k, X) 

S’'. |) = (» A(k, |)@ M A(k', I')) l-^by (8c) 

Essentially, the only new FORTRAN formulae that are needed 
for POX.OG are those for the unary, and binary products, and the 
SNS truth value of a binary relation, in PQLOG. These three 
functions PC^NPT, PQSTV, PQUNPT are described below as PQ(ii) — (iv) . 
(These are preceded by PQMCON^in the algorithm PQ(i), analo^^ous to 
QMCON in Q(xviia)). 

(c) Subroutines in PQLOG 

PQ(i) : Matrix connective in QLOGIC corresponding to a 
logical relation in PQLOG defined via an SNS 
logical connective : q(k 2 ^ 

PQMCONCQVK,SMX,SK,SL,QVL) * QMZ,QK,QL 

For SMX = SMA,SH0, QMZ = QMA,aM0 

OK = aSQU(QVK),QtNOT(QVK) acconling as SK * S1,S2 
QL = QEQU(QVL),QK0T(QVL) according as SL = S1,S2 
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For SMX = SMI , QMZ s QMI 

QK. js QI&,'J,l(CVK.) , qcOMP(QVk) accordJUig as SK » S1,S2 
QL * 'mUlQVL), aWJT(QVL) acco.rding as SL « S1,S2 

No equivalent sjngle logical QL«*2 com:tective is available 
for the case of SMX « SMS. However, the corresponding unai'y 
and binary relations can be implemented via Eqs 7(a“d) and (8c) 
given above in Section 5(b). 

Thus, for SMX = SME 

FQMCON ( QVK ,SK , SL , QVL) 

= GMXSUM(PQMCON(QVK,SMA,SK,SL,QVL) , 

PaCON(QVK,SMA,SCOMP(SK) ,SC0MP(SL) ,QVL) ) 
and is expressible as the Boolean sum of two 3x3 matrix connectives. 

PQBNPT for the formulae (5) to (7) 
PCiBNFT(QVA,QVK,SMX,SK,SL,QVL,QVB) « BC 

where 

QVA « a, QVB s h, QVK = Cq2x)» « (^y) 

For SMX « SMA,SMO,SMI,SME 

BC « aBINPr(CiVA,QMXP,QVB) 

where 


QKXP * PQMCON(QVK,SMX,SK,SL,QVL) 
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The calculation of the SNS truth value PQSTV, of a binary 
i'elat.lon In PQLOG, is also reao’ily obta.1nod in terms of the 
above subroutine PGBNPT, as follcv/s. 


of a binary relation In Cg^."1B 


The relevant subroutine is 


PQSTV(QVA,QVK,SMX,SK,SL,QVL,QVB) = SVC 


SVC(1) « QBIMRr(QVA,QIlXP,QVB) 

SVC (2) = aBlNPr(QVA,QCOMP(QMXP},QVB) 

where 

QMXP =: P(^iCON(QVK,SMX,SK,SL,QVL) 


PQ(iv): FOUNPT : Unary product in 

The unary relation in PQLOG leads to a quantifier state 
as output as described in (8a,b,c), and here also, tiie function 
is evaluated by using the equivalent formula OUNPHT in QLOBIC 
as follows s 

PQUNPT(QVA,QVK,SM,SK,SL,QVL) * QVB 

This is evaluated as 

QVB sr QUNPDT(QVA,MP) 

For Sm = SMA,SMO,SMI,SME 

QMXP = PQMCONtQVK,SMX,SK,SL,QVL) 
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*68a 

i^ote that Sor SME, we use the same definition of the equivalent 
Oh -2 i/iatrlx as adoi^ted in PQC i) , said described in the algebra 
mciit i oned in Section 5(b)* 

In this manner, all elementary statements in QL~1B ai-e 
cofivei'tible into the QL--2 form, either as a unary product, or 
a binary product, and the whole slructui’e of QL-2 can be used 
for working them out. It is to be noted that for obtaining 
the SNS truth value PQSTV in QL-1B, the complementary relation 
Is calculated in the equivalent QL-2 form. The need and 
consequences of this procedure will be explained in the report 
to fe<a prepared, dealing with the improved algebraic theory of 


QL-1B. 
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Fart III : MaTLOG Program for GLOGIC and the theory of relatione; 
in general 

1, Introduction 

The theory of relations in Boolean algebra employing 
m X n Boolean matrices was developed first in rIR-42 and has 

thereafter been applied in varioirs- ways. Examples of its 
application to data processing and graph theory were developed 
in ALOG-31 to 34 and the application of general Boolean matrices 
of this type to answer various questions in multivalued logic 
considered in MR-46A. 

In this report, we shall consider essentially the FORTRAN 
phbgraming of the relevant equations. They follow essentially 
the same pattern as for SNSLOG and QLOGIC^ and deal with m x n 
matrices^ instead of 2x2 and 3x3 matrices lor SNS and QL-2. 

Since the numbers m and n have to be left open, to be chosen 
suitably for each problem, the structure of the programs is 
slightly different. Hov;ever, the subroutines that are listed 
follow closely the seauence that was adopted for SNS and QL-2. 

Qe shall call this as General Logic (GLOGIC) and indicate ail 
vectors and matrices and other operators in this logic by the 
first letter G for their symbols. The basic subroutines 
are described in Sections 2 and 3 and thereafter various 


explications of these are considered 
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In the general case, vectors and matrices will have the 
format GVA (MI) and GMZ (MI,MJ), The former will have 
components GVA(I) , 1 = 1, KI, and the latter GMZ (I,J) 

I = 1, MI, J = 1 , MJ. 

(a) Additional subroutines for basic Boolean scalars 

We define three functions "Boolean multiple sum" (BMSUM) 
"Boolean multiple product" (BMPDT) and "Boolean multiple 
Equivalence" (BMECU) as follows 

BMSUM (BA(I), MI) = EC 
stands for BMSUM =0, DO I = 1, MI 
BMSUM « BSUM(BMSUM, BA(I) ) 

The functions BMEDT and BMEQU are given by similar equations 
as follows 

BMEDT = 0, DO I = 1 , MI 
BMFDT = BPDT(BMEDT,BA(I)) 

BMEQU = 1, DO I = 1, MI 

BME:QU = BEQU(BMiEQU, BEQU(BA( I) ,BA( 1 ) ) ) 

(b) GLOGIC functions and subroutines 

i) Boolegm sum of two vectors : a b = c, 

GUNION CGVA,G7b,Ml) = GVC 

Check that both GVA and GVB have MI components 
BSUM (GVA(I), GVB(I)) = GVC(I) I = 1, MI 
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(ii) Boolean Droduct of two vectors : a @ b = c 
GVIDYA (GVA,GVB,MI) = GVC 
Check that both GVA and GVB have MI components 


T / -r \ 


; « UrVU^JL; X = I, rix 


(ill) Boolean complement of a vector : = b 

GCOMP (GVA, MI) = GVB 
BCMP (GVA(I)) = GVB(I) 1 = 1, MI 


( iv ) Boolean sum of two matrices : P ^ Q = R 

GMXSUM (GMP,GMQ,MI,MJ) » GMR 

Check that both GMP , GMQ have MI,MJ components 

BSUM (GI‘1P(I,J), GMQ(I,J)) = GMR(I,J) 

I a 1 , MI 
J = 1 , MJ 

(v) Boolean -product of tvfo matrices • p q = R 

?s/ I!2!r 

GMXPDI (GMP,GMQ,MI,KJ) = GMR 

BPDT (GHP(i,J), GMQ(I,J)) = GFiR(l,J) 

I = 1 , MI 
J = 1 , I4J 

Boolean comnleinent ot a matrix operator : = q 

GMXCMP (GMP,MI,MJ) = GMQ 

BCMP (GI'1P(I,J)) s: GMQ(I,J) I =s 1 , MI 

J = 1 , MJ 

(’'ii) Sc alar product of two vector? a;,® i,^@ 

GSCPDT (GVA,GVB,MI) = BC =C 

BMSUM(BPDr (GVA(I),GVB(I)),MI) = BC 
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viii) Unary product of a vector with a matrix 

® (®i® Zij) = 

CxUNPDT (GVA,GMZ,MI,MJ) = GVB 
Input GVA(MI) , GM2(hI,I-'Ar) 

Output GVB(MJ) 

BMSUM (BPDT (GVA(I ) ,GMA(I ,J) , MI)), MI) = GVB(J) 

J = 1, MJ 

ix ) Binary -product of a matrix with two vectors 
(Boolean truth value) 4a I Z I = c 

SUIT 

GBTV (GVA,GMZ,GVB,MI,MJ) = BC 
GVAP = GUNPDT (GVA,GMZ,MI ,MJ) 

BC = GSCPII^ (GVAP, GVB, MJ) 

X ) Matrix -product of two matrices ; I P I ^ I =* I R I 

GMATPT (GMP,GMQ,MI,MJ,MK) = GMR 

BMSUI<I (BPDT(GMP(I,J),GMQ(J,K) ) ,MJ) »GMR(I,K) 

I = 1 to MI , K = 1 to MK 

xi ) Direct product of two vectors : ^ X b *= Z 

GDIRPT(GVA,MI,GVB,MJ) = GMZ 

GM2U,G) = BPDT(GVA(I) ,GVB(J)) 

1=1, MI 
J = 1, MJ 

xii) Direct sum of tv/o vectors : a + b = Z 

GDIRSM(GVA,MI,GVB,MJ) = GMZ 
GI^(I,J) = BSUM(GVA(I) ,GVB(J) ) 

1=1, MI 
J = 1, MJ 
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xiii) Direct equivalence of two vectors : 

a = b 

GDIR£;q(GVA,HI,GVB,KJ) = GHZ 

GHZ(I,J) = BEQU(GVA(I) ,GVB(J)) 

I = 1, MI 
J = 1, MiJ 

xiv ) Scalar vector direct product i a X b = c_ 

GSVDFT(BA,GVB,KI) = GVC 
GVC(I) = BPDr(BA,GVB(l)) 

XV ) Scalar vector direct sum : a + b = £ 

GSVDSI-i(BA,GVB,MI) = GVC 

GVC (I) = BSUM(BA,GVB(I)) I = 1 , Mil 

xvi ) Transpose of a matrix ; ^ 

GTRANS(GMP,MI,MJ) = GMQ 

GMQ(I,J) = GMP(J,I) 

1=1, MI 
J = 1, IviJ 

M atrix .transformati <in o^p-pp)t‘^r?=i =lzl' = ^ 

Since these operators occur frequently in general 
classical logic Involvlr^ multiple element sets, they are 
Eiven short names in ilAILOG, namely GE, GC, GT, GTC. They 
are defined as follows: 

a) GE(GMZ,HI,kj) = GHZ 1 
GMZ1(I,J) GMZ(I,J) 

b) GC (Gl-iZ , MI jMj) s GMZ2 

GI'iZ 2 ,MI ,Kfr = GMCMP (GHZ ,MI ,MJ') 

c) GT(GHZ,HIji<zr) = GHZ 3 
GM23,HJ,MI = GTRiJjo(GMZ,MI,Iij) 

d) GTC (Gi’iZ,HI ,HJ) = GHZ4 

GHZ4,I‘iJ,Ki = GMXCMP(GTRAix'S(Glv2,MI,Mj) 


MATLOG-3 
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5. Subroutines for GCLQG 

The programs for General Classical Logic, (GCLOG) 

are somewhat different from SNSLOG and are indicated by 

general logical relational matrices A(^ ,/ ). 0(k etc. 

~ ^ ' i:, ' ^ ^ ' 

The subroutines suggested are as follows . 

i) Definition of relational matrices : Z(k, , Z = A, 0, E, 

U u III ■ r— T- .. . ■- r-- .I.ir ■ II I -- , ■, -rr,« iin in. . i i. ii - l M » 

GMX, GVK, GVL, X = A, 0, E, I 

These are analogous to (xvii) SMZ, SK,SL of SMSLOG 
GMA,GVK,GVL = GLIRPT(GVK,GVL,HK,ML) 

GHO,GVK,GVL = GDIRSM(GVK,GVL,MK,ML) 

GKE,GVK,GVL = GDIR£Q(GVK,GVL,MK,ML) 

GMI,GVK,GVL = GDIRSK(GC0MP(GVK) ,GVL,MK,HL) 

ii) Relative (SNS) truth value of one term a for another u ; 

GRELTV(GVA,GVB,MI) = SVC '^(^1^) = c 

This is the general case of (xviii) SRELTV 
SVC(1) = GSCFr)T(GVA,GVB) 

SVC(2) = GSCFDT(GVA,GCOnP(GVB)) 

iii) SNS truth value of the relation a Z b 

cx.. 

t(a 2 b) = c = (c.j , 02 ) 
where - <=2 ^ 


GSTY(GVA,Gi'iL,GVB,MI,HJ) = SVC 
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This is the general case of (xix) SSTV 

SVC(1) = GBTV(GVA,GMZ,GVB,MI,MJ) 

SVC(2) = GBrV(GVA,GMXCI-]P(GMZ),GVB,I*:i,MJ) 
iv) SNS truth value for Z = Z(k ,^),Z=A, 0,E, I via 
relative truth value 

GSTV2(GVA,GMX,GVK,GVL,GVB,MI,MJ) = SVC 
If GMX = GKA 

SVC( 1 ) = BPDT(GSCEDT(GVA,GVK,MI), GSCr'DT(GVB,GVL,hJ)) 

SVC (2) = BSUM(GSCPDT-(G-VA,GCOhP(GVK) ,HI) .GSCPm’CGVB ,GC0MP(GV1) 

If GMX = GMO 

SVC(1) = BSUI-I(GSCPDr(GVA,GVK,MI),GSCPLT(GVB,GVL,MJ)) 

SVC(2) = BPDT(GSCPDT(GVA,GCOMP(GVK) ,MI) ,GSCPIXL’ (GVB ,GCOMP(GVL) , 

MJ)) 

If GMX = GME 

GVKP = GCOMP(GVK) 

GVLP = GCOMP(GVL) 

GVCA = GSTV2(GVA,GMA,GVK,GVL,GVB,MI,KJ) 

GVCB = GSTV2(GVA, GMA, GVKP, GVLP, GVB, MI 
SVC(1) = BSU1-I(GVCA(1), GVCB(1)) 

SVC(2) = BPDT(GVCA(2), GVCB(2)) 

If GMX = GMI 

GVtG' = GCOMP(GVK) 

Gi-i.: = GMO,GVi.P,GVL 
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v) Output of unary relation for 2 (k , ■£ ) using the 

73 pD ^ 

relative truth value of the input 
GUNFT2(GVA.GMX.GVK.GVL.MI.MJ) = GVB 

^ »■ 0 m • 

If GMX = GI'IA 

BAP = GSCPDT(GVA,GVK,MI) 

GVB = GSVDPr(BAP,GVL,MJ) 

If GMX = GMO 

BAP = GSCH)T(GVA,GVK,MI) 

GVB = GSVDSM(BAP,GVL,MJ) 

If GMX = GME 

GVKP = GCOMP(GVK), GVLP = GCOMP(GVL) 

GVBA = GUNFT2(GVA,GMA,GVK,GVL,MI,MJ) 

GVBB = GUNPr2(GVA,GMA,GVKP,GVLP,MI,MJ) 

GVB = GUkION(GVBA,GVBB,MJ) 

If GMX = GMI 

BAP = GSCPDTCGVA,GC0MP(GVK) ,MI) 

GVB = G3VDSM(BAP,GVL,MJ) 

vi) Binary operator ’’agree" (G) for the general case 

GM3G(GVA,GVB,MI) = SVC 

BCP(I) = BEQU(GVA(I) ,GVB(I)) 1=1, MI 
SVC(1) = BMPDT(BCP,MI) 

SVC(2) = BCMP(SVC(1)) 
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vii ) Matrix-Boolean unary._ o peratojis E, N, ^ 

GEQU(GVA,MI) = GVB 
GVB(I) = GVA(I) 1 = 1, 

GNOT(GVA,MI) = GVB 

GVB (I) = GVA(MI —1 + 1) 1 = 1, MI 

GCOMP(GVA,Ml) = GVB 
GVB(I) = BCMP(GVA(I)) 1 = 1, MI 

GELL(GVA,MI) = GVB 

GVB(I) = BCMP(GVA(MI - I + 1) I = 1 , MI 


A. Applications in examples 

V/e shall first give illustrations of the unary and 
binary relations involving a general matrix connective 
^ (i = 1 to m, j = 1 to n) , taking for this purpose 

illustrations from Tables 2 and A of iiR-A2, all of thera 

„ 

are oasea on student-professor relation and its reverse 
K 

relation professor-student described in Table 1 of that 

reference. For ready refemnce, che four :';atrices P, P 
■^t _tc , . , 

r , p ',;::icn are derivable froi. the relation P standing 

for "professor of" , are explicitly described in Table 1 belowc 

They make use of the four matrix -Boole an operators GE, GT, 

Gv., GTC as applied to the matrix P 
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Tat?leJL» — The lour matrices* £, employed for the 

relations'^ in the student-prolessor problem 


IP I 


P 

s -2.$»p 


GMi(5,4) » 

GECGM1(5,4)) 


s — p 


- GM2C5,4) - 

» GCCGM1(5,4)) 



S 

p -2^ 8 


|S I « |P^i- GM3(4,5) 
« GT(C»I1(5,4)) 


/; 


1 0 1 0 -h 
0 10 0 1 
110 0 1 
\o 0 1 1 oy 


p s 


/O 1 0 l\ 

; - CJW4(4,5) • 

[O 1 0 1 0^ 

10 0 1' 

- GTC(GM1(5,4)) 

N 0 1 1 0 

0 110 


0 0 110 

11101 


^110 0 1; 

\o 0 0 li 




♦These are typical examples, and the same pattern holds for 
any matrix relation 1 r 1 , and four related matrices 
|R|, |R^J , |R^1, are definable. 

fThe single arrow ( — ^ ) is used to indicate a relation 
in the general theory of relations, which is to be distinguished 
from the double arrow ( ) for implication, and the arrow 

with a vertical line ( ) for "leads to 
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ip^ Illustration of unary relations 

A number of choson oxamplss of thoso 3 .r 6 given in 
Table T. The quarries are self-explanatory and the relevant 
vector-matrix equation that gives the solution to the problem 
in each case is given on the r.h.s. The FORTRAN statement 
in nATLOG is given below the query, and the input and output 
are given below that. In these simple problems, they can be 
readily verified to be true by inspection. However, the 
FORTRAN statements indicate that a whole vari ety of related 
questions that can be asked, can be expressed in terms of the 
basic functions which we have defined in FORTRAN for GLOGIC, 

(b) Illustrations of binary relations in GCLOG 

These are summarized in Table 3 v/hich is given below, 
and since they are taken from MR-A2, no details are given and 
only the corresponding Boolean algebraic vector-matrix formula 
is given in each case. It can be readily verified that our 
library of FORTRAN statements can readily translate them all 
into a format suitable for application with our MATLOG subroutines 
It is also evident that a whole variety of analogous problems 
can be solved by combining these formulae of MATLOG in a 


suitable manner. 
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Table 2. Some examples of unarv relations in GCLOG* 


*1 . \'/ho are all the professors (p') who 

teach the students in s’ ? 


I P I “ I 


GlJNFi:!r(GVS.GM1,MI,MJ) = GVP 

GVS = (1 1 0 0 0), GVP = (1 1 1 0) 


4. Vftio are all the non-students(s'‘) of 
some professors in p* ? ~ 



GUNPnr(GVP,GM4,Mr,Ml) = GVS 

GVP =(1100) , GVS = (1 1 1 1 0) 

5. Who are all the students (§") /lit 

attending classes taken by“professors /slj P | p^ | = <^2) 
that teach s'? 


GMATFT (GM.1 ,GM3 ,MI ,MJ ,111 ) = GM6 

GUTJPDT(GVS1,GM6,MI,FJ) = GVS2 

GVS1 =(11000), GVS2 =(11101) 

7. Which professors (p") in p' teach ^;^2| 

some student in s'? 


GUNPDT(CiVSl,GM1,MI,WJ) = GVP 
GVIDYA(GVP,GVP1) = GVP2 

GVS'l = (1 1 0 0 0), GVP1 = (0101), GVP2 = (0 1 0 O) 


10. Which are the students (s') that 
take the lectures of p’ , and do 
not attend the classes of p"? 


P^l(S)(P2|P^‘'|= ^ 1 


GUNPDT(GVP1,Gi;3,MJ,Ml) = GVS1 
GUNEDT(GVP2,GM4,MJ,MI) = GVS2 
GVIDYA(GVS1,GVS2,MI) = GVS 

GVP1 =(1100), GVP2(0 110), GVS(1 0 1 0 O) 


* From Table 2, FiR-42 
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12. Which students (s') are taught by , Ci / i 

professors that 3o not belong to ^ IP 1 = I 

the subset p*? 


GUNPnr(GC0M'(GYP),GM3) = GVS 

GVP =(0101), GVS = (1 1 101) 


Table 3 . Some examples of binary checking formulae in the 
BVM formulation of general classical relations' ^*' 


* 

1 . Check if at least one of s' is 
related by P to one of . 


I P I p)> = 1 


GBTV(GVS,-GMt,GVP,MI,MJ) = BTV ; BEQU(BTV,B1) = BC 

GVS = (1 1 0 0 0) , GVP = (0 1 1 0), BTV = 1, BC = 1 (Yes) 


3 . Check if at least one of g' is 
non-re lated by S to one Df s' . 


<;pis^fs>= 1 


GBTV(GVP,GM4,GVS,FiJ,MI) = BTV, BEQ(BTV,B1) = BC 

GVP = (0 1 1 0), GVS = (0 0 1 1 0), BTV = 1 , BC = 1 (Yes). 

4 , Check if all of g' are non— 

related by S to“ any of the /p I S I s> = 0 

students in s' . I \ ^ 


GBTV(GVP,GM3,GVS,FJ,MI) = BTV, BEQ(BTV,B2) = BC 

GVP =(011 0), GVS = (0 0 1 10), BTV = 0, BC = 1 (Yes) 

All are non-related. 


* From Table 4 of I-lR-42 


Table 3 • Contd. 
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6 . 


Check if the professors p‘ 
teaching s' have any members 


nr m Oica 


teaching s" . 


/si Ip I s2^ = 1 


GI-IATPT (GKI ,GM3 ,MI ,MJ ,MI) = GM5 

GBTV(GVS1,GM5,GVS2,MI,MI) = BTV, BEQU(BTV,B1) = BC 

GVS1 = (10100), GVS2 = (01 0 0 1) , ETV = 1 , BC = 1 (Yes 
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If the ^sv;er to Problem 6 is 
"yes", list the set of 
professors (p ) common to both. 


GUNPDT (GVS1 ,GM1 ,MI ,MJ) = GVP1 
GUNFnr(GVS2,GMl,TTI,MJ) = GVP2 
GVIDYA(GVP1,GVP2,MJ) = GVPO 


</s1 j P I = <6l I , 
4s2l Pi = <p2l, 
<P''I®<P2| =^Pol 


GVPl =(1011), GVP2 = (1 1 10), GVPO = (l 0 1 O) 


8 . Check if s' contains all the 

students studying under the 
professors (p') who teach any 
of them. 


GMATPT(GMl,GM3,I'iI,MJ,MI) = GI«iK 

GBTV(GVSl,GhK,C<:OHP(GVSl),HI,riJ) =BTV, BEQU(HTV,B2) =BC 
GVS1 = (1 0 0 0 1 ) , BTV = 1, 3C = 0 (No). 

9. If "No", list the set of /sl|Pl = 

professors (o') and also the / i i y i 

full list of= students (s^^) <P11S| = <Sq) 

studying under them. 

GUNPDT (GVS 1, GM1 , MI, FiJ) = GVPl 

GUNPDT (GVPl ,GM3,MJ, MI) = GVSO 

GVPl =(1110), GVSO =(11101) 


|p I si = 1 k1 , 

1 K 1 s^^ = 0 
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Before considering the particular case of GCLOG 
vhich is relevant for clausal relations, and which employ 
the subroutines involving GMX,G¥K,GVL described above, we 
shall maKe some comments regarding a general problem, namely 
that of the application of Boolean connective operators 

^ to matrix connectives, in addition to vectors 
representing terms. This is given in the next Section 5 
and some examples are givenj after which the special case of 
clausal relations^ and their generalization into four types 
as explained in will be taken up. 


^ Operations for the combination of terms and relations 

(a) Boolean operations on matrices 

Quj-te apart from the vector-matrix products which are 

relevant for the "matrix" type connective jp) and the related 

matrices jP^l, Isl and Is^l, which were considered above, 

we have also made use of "Boolean" connective operators denoted 

by the symbols ^ and ^ in some of the problems 

considered in Tables 2 and 3. However, in tliese applications, 

these boolean connectives follov/ the same definitions as in 


ol-io and uL- 2, ncmely that they correspond to the combination 
of information regarding the same entity , but coming from 


diffsTBrit sourc6s, Vthsn applisd to '’tonus’* ropresontod by 
vectors in rVKF, the two operators, ® , standing for 
"union" (U) , and (§) , standing for "vidya" ( V ) , correspond 
to the union and intersection of the sets A1 and A2, v;hose 
members are represented by the 1's in the corresponding 
vectors a1 and a2 respectively. Thus, we obtain the resultant 
set A, represented by a , given by the vector equations 



in these two cases. 



Similarly, it is also possible to'apply the operations 
of "union" and "vidya" to'^'ralations" represented by matrices. 

We have already employed this intuitively in SNS and QLCXl 
(e.g. in the definition of the equivalence operator), but 
this requires more specific definition and description for the 
general case. Thus, the operations and are required 
in situations involving the simultaneous existence of two 
relations and ^ as applied to the same state vector a , 
leading to two outputs M and respectively for b . The 
question then arises : "What is the effective resultant output 
vector b if the two relations are both applicable to a problem. 
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either conjunctively, or disjunctively, as the case may be?" 

As we shall see below, this can be done by applying the 
Boolean sum, or product-, operation to the corresponding elements 
of the connective matrices R2 and g? respectively. Thus, 
for two relations in conjunction 

= = M ® ^ . (2a) 

and for two relations in disjunction, they lead to 

i (2t) 


■tfe have already defined the Boolean operations of sum ^ 
and product^ as applied to matrices, in the subroutines 
GMCSUI'I and GKXPDT , and they are definable as in (3a) and (3b) 
below : 


Boolean product; 





Boolean sum : 


e 

“i.a 

11 

C_J. 


for each (i,j), i = 1 to m , j = 1 to n 


- ne logical reaison as to ■’..’hj'’ the Boolean operation 
nas to ce applied occween tlie components of the matrix 
elements representing the connectives, rather than vector 
components of the two outputs M and in order to obtain 


(3a) 

(3b) 

(3c) 


b 
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can be given as follows. A general matrix relation jg B “ ^ 

in GLOGIC really stands for the set of mxn relations 

a,- H.,- 4 * j 1 « 1 to m. 1 * 1 to n. in which each individual 

J - •*•0 u » 

element of the input is either related, or non-related, to 
each individual element b^ of the output, according as 

* 1, or 0, Therefore, when two relations ^^i*d 

are coexistent, then each equation aj^ RjL^ “ leading to 
b^ from aj_ has. to be treated separately. Effectively, we thus 
have mxn equations^ for all pairs (i,j) with i « 1 to m, 

J » 1 to n, as in (Aa) and (4b) j corresponding to (3a) and (3b) 
respectively. 




i.d 


(4a) 

i,d 


(41.) 


These evidently lead to the matrix equations (2a) and (2b), 
respectively, in BVMF, for the general case. 


To complete the discussion, we shall indicate that the 
Boolean complementation operator, applied to a relation , leads 
from the equation a R = b to a R^ = b* , where the elements 
Of are negated, as in 





c 


(5) 
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It should be noted that ^ general, and the two 

operations, of complementing a relation, and of complementing 
the output, represented by the MATLOG functions GMXCMP and 
GCCM? respectively) are entirely different from one another. 

If these distinctions regarding the Boolean operations 
as applied to terms and relations are borne in mind and properly 
applied, then practically any problem involving relations in 
GLOGIC can be treated, requiring only one or more of the 
operations that have been described above in MATLCXJ, We shall 
give a few illustrative examples below. 

Table 4 . Illustrations of Boolean operations on connectives 
in^^^GCLOG 

Inputs to the -problem 

Two sets represented by the vectors a and b are related 
by two different properties, namely 

P : b^ is the professor of a^ 


£ I b^ is the examiner ' of 
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1 C t ion Qj 


represented by 

Find those members of the set j / ^ > who are both professors of, 

-11 as the examiner of the set represented by 


vector a ■(01100). 

— 


The relevant matrix is 

/l 0 0 o\ 

/o 0 0 0 I 

lRj,l - Ip I @ Isl - 0 0 0 1 

0 0 0 1 I 
\1 0 1 0 / 

and ^£2 1 • - (0 0 0 1) 

Note that the relations P and E individually lead to 
the sets ^ and W given by the vectors 

» (l 1 0 1), « (1 1 1 1) 

and 

=(110 1 ) 


ictlon of two relations 


Find the representive vector ^ corresponding to the 
members of the set b , who are either professors of at least 
one member ol a1 , or are the examiners of oni member 


of Ml . 


Clearly, the relevant matrix is 
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'1 1 
1 1 
1 1 
1 1 

\1 1 


^ ^ I M I * ^ 


1 o\ 

0 1 1 
1 1 

0 l) 

1 0 / 

111 ) 


Note that, in this case, 1 » 1 1 


which can be 


proved quite generally for the Boolean sum of two relations. 

If we represent P and E by GMP and GMC , and 
^ and b by GVA and GVB, then the FORTRAN statement for 
calculating ^ in MATLOG is 

GVB3 « GUNPIff(GyA,GMXPDT(GMP,G«]^,MI,MJ)) 


while the corresponding statement for calculating Is 

y 

GVB4 » GVIDyA(GUNPDr(GVA,GMP), GUNPDT(GVA,GME) , MI,MJ) 


The MATLOG formula for calculating ^ is, similarly, 
GVB5 = GUNFDT(GVA,GMXSUM(GMP,GME),MI,MJ) 


c. Complementation of a relation 

The Boolean complement has already been discussed in 
Table 2, both for a matrix relation, as well as for a vector term. 

In particular, for our problem, the complement ol P leads 

to the BVMF equation 

1 1 « i 
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♦ <Cl C. * 

giving the set of h*s who do not take classes for some 
the ^'s in the set under consideration. 


To illustrate the distinction between \ 1 = ^ b6 1 

and (valPl)^ ■ 1 > we note that they are programable in 

MATLOG by the statements 

GVB6 = GUNPDT(GVA,GMXCMP(GMP),MI,MJ) 

and 

GVB7 = GCOMP(GUNPDT(GVA,GMP), MI, MJ)) 

Taking the example given above, we obtain 

0 0) /O 1 a 1\ = (1111) 

10 11 
0 110 
1 1 1 1 0 1 

\o 0 0 V 

= (1 1 0 1 )^ = (0 0 1 0 ) 

following 

b6 and ^ arises from the | distinct ion: 

b(j)'s who do not teach at least 
members of the set - a(i) . 

b(j)'s who do not belong to the set 
b1 that teach at least one member of the set (ai), 
i.e. who do not teach any member of a(i). 

It is very satisfying to know that such hair-splitting 
difierences can be straightaway programed in MATLOG, once the 
logic is written in BVMF notation. 


/b6l = (011 





— ' 



diffe 

rence 

between 


: Set 

of 

all 


one 

of 

the 


: Set 

of 

all 



.23. 


MATLOG-3 

22.6.87 


(bl Combination of two matri x relations 

In the previous subsection 5(a), v/e had considered the 

coffibinaticn of tvo siatrices vi^ the Boolean operations oi sum 

and product as applied to relations. However, these are 
the 

not /only ways in which two matrix relations can be combined. 

the 

There are more possibilities which belong to/matrix type 

the 

of operations rather than/Boolean type of operations. We shall 
describe these below with special reference to two problems 
and then consider the nature of such combinations more generally. 

(i) Transitive combination of two matrix relations 

Consider three sets A, B, C whose members are represented 
by the vectors a(i), b(j), c.(k) , i = 1 to I, J = 1 to J, 
k ■ 1 to K ^ which are related by two successive relations 
as in (6) I 


|(i) M (i,d) = i(3) 

(6a) 

b(3) R2 (3,k) . c(k) 

(6b) 

Then the matrix relation directly connecting 

^(i) with c(k) is 


a(l) 15(i,k) = c(k) 


where 


(7a) 
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In fact, this type of combination of two matrices has already 
been defined in one of the MATLOG functions listed above, 
naJnely GMATPT whose description is as follows. The function 
giving 1^ I = GMR3 , in terms of « GMR 1 , \^\ = GFiR2 
is 

GMR3 = GMrPr(GMR1, GMR2, MI,MJ,MK) 

Simple examples of GMATPT are: 

R1 = "parent of", ^ = "parent of" h- ^ ^ « "grandparent of" 

R1 « "parent of", R2 * "brother of"f-^ R3 = "uncle-of" 

It is bovious that^ having obtained the matrix R2(i»k) , we 
can forget M and ^ from which this was derived^ and consider 
it as a single matrix relation and manipulate it in all the 
processes described above. For example, R3^ will be the 
relation "nephew or niece of". It can be extended to any 
number of such successive relations connected in a transitive 
fashion. Therefore, this type of combination finds much 
application in predicate calculus. 

(ii) Tensor combination of two matrix relations 

This does not strictly come under the purview of this 
report, but is included here so as to make the list of possible 
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waj'S in v.iiich two relations can be combined fairly complete. 

It is illustrated by the following examples. Consider three 
sets A, B1, B2 having the relations represented by the 
vYViF equations 

= ^5a) 

where 

^ M ^ 

A good example is, 

c.(i) * child, f(j) = father, m(k) = mother (lOa) 

Then we can talk of the relation between a child and the "parents" 
(father and mother) of its parents, which we shall 
represent by p(o,k). Then this relation takes the form 

£(i) ^(i,j,k) = p(j,k) (10b) 

It is obvious that the entity R(i,j,k) is not a rectangular 
matrix, but a third order tensor in this particular case. 

More generally, a general tensor relation can be built up of 
elementary relations of the type given in (9)^ each of which 
requires a second order tensor^ or rectangular matrixjfor its 
definition. An introduction to such general tensor relations 

in Boolean algebra has been given in MR-59, and the implementation 

geroi ally 

of such relations^ for practical problems will be considered later. 
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Two examples are given below lor tne relations "parent" 
standing lor "eitner lather or mother", and "parents" 
GOiTesponding to "the pair Consisting ol lather and mother" 
ol child c(l). These are described in the Sections (c) and (d) 


below. 


The relation "parent ol" is not a third order tensor 
relatlon»_but the Boolean sun ol two matrix relations. Taking 
(10a), il 

c(i) has 1 ■ 1 to I , 1(;3) has j « 1 to J , m(k) has k ■ 1 to K 

(11a) 

we can deline p(^) lor "parent" with the domain 

p(i) , i-ltoL-J + K (11b) 

where 

p(i) - f(d) for i. J J . 1 to J die) 

and 

p(i) • B(k) lor i • J + k , k = 1 to K (lid) 

Then, in the extended domain (i,i), the relations M' 

(father ol) and R2' (mother ol), as in (12a,b) 



MR-62 
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Rl‘(i, i) • 

|c(i)> ® <p(i)l . 1 6 i 4 J 

(12a) 

- 

|c(i)> J + 1 

(I2b) 

JLOkliU J;^ 

M VS •%*** AKOI niTk i'i-ii1 

IVA $ OM \ %^l 


^*(i»i) ■ 


(13) 


This iormaiiam can he suitably applied lor all problems 
requiring the relation between the union of sets such as 
F and M into a single set P « f\/m , and a third set such as 
C, in the above example. 



On the other hand, the relation "parents of" is a tensor 
of the third order, obtained by the expansion ol the two matrices 
^(i, ;)) and ]^(i» k) to yield R2(i,J,k) whose components 
R3Cifj,k) are given by I1A). 


R3(i,d,k) . Rl(i, J) ;< R2(i, k) (14) 

Then, Eq.(lOb) holds for obtaining the pair p(J, k) » "f(j) and 
m(k)" of the child c(l). We shall consider tne MATLOG statement 
for this in due course in a later more comprehensive report 


of tensor relations. 
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isJ ^efi§,.q£ R(i»J»lc) applied In three wavs 

It is to be noted, however, that formally, the tensor 
components R(i,j,k) correspond to a mutual relation between 
c(i), m(k), and we can obtain equally well the 

"mother-child" combinations who are related to a given father 
i(J) by tne equation (15). 

ltd) R(i»d»^) ■ q(ii (=the combinations c(i), n(k)) (15) 

So also, the "father-cnild" combinations related to a set of 
given mothers m(k ) is given by Eq.(l6), 

Sik) R(i.d.lt) • r(l, 3) (16) 

These also, can be incorporated in programs, but will be deferred 
for a more comprehensive treatment of tensor relations. 


6 . Generalized Clausal Eelationa 


In all that has been considered so far, we have used only 
one type of relation, for an mxn matrix R(i» ;}), namely the 
standard form of a relation : 


au| A 82^^ 


b., V V 



* • # 


a ♦ # 


(17) 
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in which R(i, 5) is a general mxn matrix, including in 
particular, the case oX tne matrix corresponding to the 
clausal Xorm, namely 

(R. k Xj)~(GM2. GDIRPrtGVK,GVL,MI,MJ)) (18) 

As already mentioned, the MATLOG equation for (17) taRes 

the forms (19a) and (19b) for unary and binary implementation of (l7) 

Unary : GUNPDT (GVA, GMZ, MI, MJ) - GVBP (l 9 a) 

Binary ; GBTV(GVA, GMZ, GVB, Ml, MJ) * BC (19b) 

However, as considered in MR-57, (17) has three more 

a 

analogues, leading to/set of four types of relations R1, R2, 

R3, R4 as below. 


R1 : 

a-j A 

*2 ^ • 

• • ^ ®Bi 


b.j V b2 V . , 


(20a) 

R2 j 

a^V 

a^ V » 



b^ V b^ \/ . . 


(20b) 

R3 : 

a^ A 

a2 A . 

• • ®iii 


bi A b2 'A . , 

, Ab„ 
n 

(20c) 

R4 : 

a^ V 

^ * 


R 

✓ 

b^ A b2 A . . 

n 

(20d) 


For implementing these in MaTlX, three additional 
subroutines are needed in GLXIC^ and one extra one, with four 
parts, in GCLX, These are as follows: 



Add under GLOGIC 
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(vli a) General conjunctive product (T ype A) ol two vectors 

® 0 ® b2 0 • • *04® ^ 

GCJPTA(GVA,GVB, MI) » BC 
BCMP(GSCPDr(GCOMP(GVA),GVB, MI)) - BC 

(vii b) General coiLiunctive product (Tvp e B) ot two vectora 
(a^^b^ 0* • « 08^® 4^^ * ® 

GCJPTB(GVA,GVB,MI) - BC 
BCHP(GSCPEa’(GVA,GCOMP(GVB), MI)) . BC 

(villa) Unary con.iunctlve product of a vector with a matrix 

( ® (aj ® 

GUNCJP(GVA,GMZ,MI,MJ) - GVB 
GCOMP(GUNPDT(GCOMP(GVA), GVZ,MI,MJ)) . GVB 

Add under GCLOG 

(vlll) Boolean truth value ol a relation lor £lvfn Inputa 

^ Z b ■ c , for the four types of relations 
R1, R2, R3, R4. It is better to have four different 
functions, rather than using a variable having the 
values 1 to 4. Thus, we have 
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(viii a) Type R1 

GBTVR1 (GVA,GMZ,GyE,MI,MJ) . BC 

GUHPDT(GVA,GHZ,MI) - GVBP 
GSCPDT(GVBP,GVB,MJ)^ - BC 

GBTVR2(GVA,GM2,GVB,MI,MJ) « BC 

GUNCJP(GVA,GM2,MI) « GVBPP 
GSCPDT(GVBPP,GVB,MJ) . BC 

iyiXl c) Type R3 

GBTVR3(GVA,GMZ,GVB,MI,MJ) . BC 

GUNPDr(GVA,Cai2,Ml) > GVBP 
GCJPTB(GVBP,GVB,MJ) « BC 

(vill d) Type R4 

GBTVR4(GVA,GM2,GVB,MI,MJ) « BC 

GUNCJP(GVA,GM2,MI) « GVBPP 
GCJPTB (GVBPP, GVB,MJ) . BC 

The theory of these is given completely in MR-57, and 
* , . , therein 

Tabl* 3 on page 27/contaiiis the rnmulae which have been 
converted to MmOG notation In tnla section. 
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7. Aristotle * 5 Syllogisms in GLOGIC 

As mentioned in MR-57i the generalized clausal relations of 
Types 1 and 2 can be expressed via quantifiers as follows: 

Type R1 : (Vl)(al) ^ (3 d)(bj) (I-type) (21a) 

Type R2 ! (9i)(al) O d)(b3) (i-type) (21b) 

where the notation I follows standard symbolism adopted for 
the names of syllogisms such as Barbara . Darii etc, (See MR 34). 
Thus 

Type A : All A are B If there is an ai present, then (22a) 

there is a bj present 

Type I : Some A are B 4—^ If all ai are present, then (22b) 

there is a bj present 

To this may be added the two classical t}T)es, E and 0, of 
categorical statements, as in C22c,d). 

Type E : All A are not B 4-^ If there is an ai present, then 

there is a non-bj present (22c) 

Type 0 : Some A are not B If all ai are present, then 

there is a non-bj present (22d) 

These correspond, in terms of quantifiers as i 

Type R1 : (l/i)(ai) -S» (3 (fi-type) 

Type R2 : (3 i)(ai) -^(3j)('nb^) (E-type) 


(21c) 

(21d) 



*33 


nR-62 

MATLOG-3 

14,8.87 


An analysis of the logical content of (22a-d) indicates 
that the relation R in (21a-d) has tne form ai - bj . 

IJ y.. M 4- 1*^ 4 + 4 4*V»a D ^‘Wiak 

•VX^U,A,1JI& WWW JkXJl WW W CLJk.^ WAXC= U4WLWX«kVX W 


statements (21a-d) can be taken over in QL-2 formulation, and 
the 18 categorical syllogisms that are valid, out of the 64 
that can be stated, can be worked out via QL-2 algebra, 

(This will be discussed in detail in a later tneoretical report.) 
We shall show how this can be deduced using MATLCX5, as below. 


From the form of the relations (21a-d), the four 3x3 
matrices for categorical statements of the type A, E, I, 0 
can be calculated (using (xvii) of MATLOG-2, MR-61) : 


Type A : QM2A » C1 MI,q6,Q6 - QM0,Q3,Q6 


Type E ; QM2E « QMI,Q6,Q2 * QM0,Q5,Q2 


Type I : QM2I - CMI,Qi,q6 « QM0,Q2,q6 


Type 0 : ca^ZO . QMI,qi,Q2 « QM0,Q2,Q2 



1 0\ 
1 0 
1 v 

1 1 \ 
1 1 
1 ^J 

1 o\ 
1 1 
1 1 y 


(23a) 


(23b) 


(23c) 


(23d) 
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We siiail first snow that the two classical syllogisms 
which are basic to tne worKing out of all valid ones in 
Aristctls's list, namely Barbara and Darii . follow from the 


form of the matrices in (23a-d). In words, these two are 
as follows: 

All A is B, All B is C 4^ All A is C ( Barbara ) (24a) 

Some A is B, All B is C Some A is C ( Darii ) (24b) 

The corresponding MATLOG equations to be checked are : 

QMATPT(QMZA, QMZA) « QMZA (25a) 

QMATPT(QM2I, QMZA) - QHZI (25b) 

These are seen to be valid from (23a, c) . 


Other syllogisms follow similarly. For example, Celarent 
follows as in (25c), and Ferio from (25d). 

QMATPT((»1ZA, QMZE) - QMZE (25c) 

CmTPT(QMZI, QMZE) - QMZO (25d) 

So also, the non-existence of any syllogisms of the Aristotelean 
type other than the 18 listed in MR- 34 can be proved by showing 
that the six others in Table 3» page 33 of MR-34 (other than 
SI. No.1, Barbara and SI. No. 3, Darii ) lead to no definite 
conclusions. Thus, as will be seen from (26a-f) below, the 
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o^put Batrlx is QMDDD in all thase cases, and it is a matrix 
tnat vlll give an output <28 - (1 1 1), corresponding to the 
state A for universal doubt, whatever may be the input (except 

the impossible state (0 0 0)). 


SI. No. 2: 

QMATPr(QMZE, QMZA) - QMDDD 

(26a) 

SI. No. 4: 

GmTPT(GMZO, Ca^ZA) = QMDDD 

(26b) 

SI. No. 5: 

GMATPr(QM2A, QMZI) « CMDDD 

(26c) 

SI. No. 6: 

QMATPT(QMZE, GMZl) = QMDDD 

(26d) 

SI. No. 7: 

QMATFT(QMZI, QMZl) « QMDDD 

(26e) 

SI. No. 8: 

QMATPr(QMZ0, QMZI) « QMDDD 

(26f) 

where 

1 l\ 

C^DD « 1 1 1 

(26g) 


\1 11 / 

These simple calculations using MATLOG give a proof of the 
consistency and completeness of ail tne syllogisms of the 


Aristotlean type in classical logic. The pi^cise conditions in 
BVMF, under which the additional 18 syllogisms of the "new* type 
listed in MR— 34 are validjhave not yet been worked out. 
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8. Mixed statements co ntaining Quantified and unouantlfled 
terms via GLOGIC 

The formulae given below are based on the treatment 
in MR-53, In quantifier algebra (QL-2) we can have statements 
of the type QSN and SNQ with 3x2 matrices and 2x3 matrices 
respectively. These are best treated using the GLOGIC formulae 
developed in this report. We only give below the MATLOG 
statements which will serve lor QSN unary and binary products 
and SNQ unary and binary products, with the definition of 
QSN and SNQ matrices. via the logical relations represented 
by them. They are not given any number sincOj in each case , 
a MATLOG statement in GLOGIC using the formulae given in 
Sections 2 and 3 will serve the purpose. They are listed below. 

QSN— unary product : a Z » ^ 

GUNPDT(QVA,QSM2, 3,2) - SVB 

QSN — binary product : ^ » c 

GBTV(QVA,QSMZ,SVB, 3,2) « BC 

QSN — relational matrices : « 

QSM2 « QSMX, QVK.SVL - GMX,GVK,GVL 
where GVK « QVK, GVL -SVL 
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SNQ » unary product : g Z * b 

GUNPDT(SVA,SC^I2, 2, 3) - QVB 

SKQ binary product : g Z b ■ c 

GBTV(SVA,SC»12,QVB, 2,3) * BC 

S_NQ«> relational matrices : + k=^,k ^ 

SQMZ = SGMX,SVK,QVL . GMX,GVK,GVL, 
where GVK « SVK, GVL * QVL 

Other logical functions such as relative truth value, SNS 

truth value of a relation etc., can also be formulated 

using suitable subroutines from GLOGIC. Details are not given. 

As discussed In MR- 53 , it can happen that the Input for 
a quantified term In a relation Is a non-quant if led terin^ and 
vice-versa, and similarly for the output. However, the necessary 
formulae for this purpose \Alch were developed in MR -53 are 
based on 1 ^ and are expressible in Boolean algebra according 
to the logical conditions that are Imposed. Since this is a 
problem in logic, it is deferred for consideration in the 
detailed report on the application of BVMF for practical problems. 
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9. Comment on the combination of two relations In general 

In Part II of MATLOG series (MR-61 ), it was mentioned 
in Section 2^ page 12 ^ that » m general j "cne conjuncxion oi 
the Boolean truth values of two relations is not necessarily 
equivalent to the Boolean truth value of the conjunction of 
the two relations, while the corresponding result is always 
true lor disjunctions, and that this will be considered in 
Part III dealing with GLOGIC , This has in fact been done in 
Section 5, page 20 of this report, where, in a practical 
example, the non-equivalence of the two types of conjunction, 
as also the equivalence of the two types of disjunction, 
has been illustrated. A general proof of this is reserved 
for a theoretical report dealing with theory of relations in 
general. However, the proof that the two ways of combining 
two relations will lead to the same result for the output when 
one of the conditions (a), (b) , (c) of Section 4, page 35, of 
MATLOG-1 (MR-60) is satisfied, can be given, as mentioned therein, 
for GLOGIC, and hence for QLOGIC and SNSLCG, This is briefly 


indicated below 
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(a) Unary r^lntlons and Boolean t ruth values of binarj-_zelatlons 
Following the notation employed in this part, we shall 

consider, in particular, the following unary relations, 

& Rl « h1 , & R^ — h2 ^2/a,Dj 

which lead, by conjunction and disjunction of the relations 
R1 and R2, to (28a, b): 

a ^R;2) = £ , a ^ (28a,b) 

So also, by conjunction and disjunction of the output vectors 
b1 and b2 of (27a, b) we obtain the outputs of (29a, b): 

^ 29a, b) 

We shall prove below that 

£ £* in general, while d » d* always (30a,b) 

The proof is from pure Boolean algebra and does not 
involve any logical considerations. It follows from the 
definition of the unary matrix product contained in Eqs.(27a,b). 
Thus, with the notation adopted in this report ^ for a given 
input a(i) , w'e have* 

a(i)®R1(i,j) = bl(j), a(i) <X>R2(i, j) = b2(j), j = 1 to n 
(31a, b) 

* In the succeeding equations of this section, the symbol is 
omitted wherever it is obvious. 
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Then, it necessarily follows that 

a(i) /■ (R1(i,j) ® R2(l,j)) = b1(3) ® b2(3) (32) 

and similarly for the Boolean sum. Hov/ever, if the vector a 
is not a basic vector^ with a(.i) = 1 for a single i and 
equal to 0 for all other i = 1 to m, but is a general vector 
with more than one component ^ a(i)^ = 1, then Eq.(32) does not 

follow, and it takes the form of non-equality of (33) : 


0 a(i) (R1(i,j) 0 R2(l,o)) M(j) ® b2(j), j 
i.1 


1 to n 
(33) 


On the other hana, because of the associative property of the 
Boolean sum, we obtain (34) in support of Eq. ( 30b) ^ which can be 
written in the form (35): 



a(l) (RICl.j) ® R2(i,d)) 


bUj) ® b2(3), j 


1 to n 
(34) 


a (M 





( 35 ) 


Thus, we have obtained a general proof of the result^ 
associated with the particular examples given in Section 5, 
showing the non-equivalence lor conjunction^ and equivalence 
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for disounction, of the two ways of performing this logical 
operation with two relations applied to the same input. For 
the same reasons as given above, it can be shown that (36a,b) 
are valid for the Boolean truth value of two binary relations, 
applied to the same input and output in two different ways^as 
indicated there. 

Ca M W V W ^ CRJ @R2) b (36a) 

(a RJ. b) A (a ^ b) ^ (Rl ® ^ (36b) 

This follows for the reason that V and A in these equations 
are represented by the Boolean operations 0” and ® , so that 
(36a) follows from the associative property of the Boolean sum, 
while no such result follows wnen Boolean sum and Boolean product 
occur togetner in an expression as in (36b). As mentioned in 
Section 5, tne MATLOG equations for these are quite different 
and are not expected to be equal, but tne equivalence holds in 
the particular case of disjunction for the reason mentioned 
above. The extension to SNS truth values is discussed below. 

(b) Conditions for conjunction identit y 

Before considerixig this, we shall first consider statements 
(a),(b),(c) of KR-60 mentioned above, under which the identity of the 
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the 

two ways of performixig /-conjunct ion of two relations is obtained, 
change 

With slight/ in nomenclature, we have to show that c = c' 
under the following three conditions, 

(a) or l|Jjl Q 1^1 

IMI = | R2 ^| , which is equivalent to = l5;2l \ (3'; 

(c) = |E(k,^| 

We shall prove the first and the third of these^while the 
second condition (b) is found to be inaccurate. (This arose 
because of a mistake in writing that *= Q in page 32 of 
MR-60) 


Condition (a> 


Taking the first condition, it follows that 
R1(i,j) a=^R2(i,j), which means tnat the set of 1's in Rl(i,j) 
contains all the elements having the value 1 in the set R2(i,j). 
Under these conditions, the l.h.s of (33) becomes 


m 

0 a(i) R2(i,j) = b2(j) 

i = 1 

Under the same conditions, we also obtain the result that 
b1(j) ==^b2 (j), so that th.e r.h.s of (33) is also b2(j) 


as in (37). 
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Similarly, for the second condition, it follov/s that 
R2(i,j) ax!^Rl(i,j) and b2(5) =*$>bl(j), so that both the 
l.h.s and the r.h.s of (33) become equal to b1(j), and hence 
equal to one another. 

Condition (b ) 

On applying this condition to Eq.(32), we obtain the 
result that the r.n.s is a null vector and that tnis is not 
modified in any way as a consequence of the multiple sum in 
the l.h.s of (33). On the other hand, in the r.h.s of (33), 
bl(o) is not, in general, equal to b2 (j) when the multiple 
sum is applied twice over, as in (38). Thus, 


m 


m 


c'(3) - b1(a)® b2(j) . ( 0 all) R1ll,3)) ® I 0 a(i) R2U,d)) 

^ ^ (38) 

is not necessarily equal to 0 for all j, as is the case for c(J). 

It can in fact be verified that, even for SNS, 


1R11 = 


1\ 

\i oj 


iR2l = 


'o o\ 

,0 lj 


(39) 


do not lead to an identity for (33). The condition (b) is 
therefore insufficient as a general rule for (33) to be an 


equality. A complete output table of Problem 4A of MTLOG-1 has 
, ' * 

been prepared which shows that condition (a) is valid in a 


*See Repori MR-65 for details. 
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vast nia^ority of cases cjid only six examples are not derivaoie 
by tnis conaition. Of ihese, only tv.’o possibilities, as in 
I39a,b) 

i»’i ■(; ;) . i»^i ■ (p) , iRi . (; :;) 

, /■' A 1 ° A /o i\ 

"A n ’ = J > |f>l = 09b) 

I.'I oj P 1/ [1 oj 

satisfy' thG condition (c)* For t: e raniaining four cases, both 
|ri]_ and |r 21 have tv/o l's in a row and tv/o 1’s in a column, 
or vice versa . These have lo^iicai properties of the type 
"1 is always T(or F)" and ''b is always T(or F)", so thatt 
from pure logic, if both of them are simultaneously true, we 
get the result "a = T and b = T" , "a = T and b = F" , etc., 
whose matrices are of the form aCKj 1 > 2 . So we 

replace the condition (b) in (37) by the follov;ing: 

(b) Both |R1| and |R2l are singular matrices, one with 

two 1's in a rev and the other v/iih tv/c 1's in a column. 

>.'ith these three cono-iions (a), (b), (c), of (37), all the 
cases v/here the conjunction identity is satisfied are covered, 
and they can also be generalized to QLOGiC and GLOGIC as 
described in the next section 9(c) . 
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Condition (c) 


This is best proved for SNS first, and generalized to GLOGIC, 
considei’ first the two casesjEd, l)land|E(l, 2;i as given 


0 1 


in (AO): 

1E(1, 1)1 = iEl = J , |e(1» 2)1= (N| = (AO) 

For each of these, there is only one combination of ]ri j and 1R2| 
which will lead to their Boolean product being equal to jEj or |n| 
as the case may be. We shall prove each of these cases. The 
formulae to be proved are: 


(a-l 


0 1 


(a, aj) h o\ . (a, I 


1 1 


0 1 


( S'! ^2 ^ ^ ^ 

\1 1 


(a^ 82) h = (a., ^2) fO 1\ lor W (A1b) 


1 0 


1 0 


It is readily verified that (A1a) and CA1b) are satisfied as 
shown in (A2a,b); 

(a^ © 82) @ (a^ © 82 a2) = (a^ 82) 

(a2 a-^ 0 82) @ (a^© a2 a^) = (a2 a>]) 


(A2a) 

(A2b) 


Similarly, we can work out in detail that the equality holds for 
all combinations (k, ^) of SNS, A table of these is, in fact, 
given in NjR-bO, page 39, dealing with Problem AB. 
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(c) Extension to GLOGIC 


The condition (a) in (37), for the equality of the two 


ways of performing con 




juiiu V/ xv./ii , Ab xwxj-OWGG quite g0JuGr3.Hy 


in GLCXrIC, and hence also in ShS and QL-2, to which it reduci 


when we put m = n = 2 and m = n » 3, respectively. Thus 
^ ® is valid under condition (a), for a general mxji Boolean 
matrix. 


On the other hand, condition (c) has been proved in (A2) 
only for SNS algebra employing 2x2 matrices. We shall now 
indicate how this can be generalized to GLOGIC when only logical 

connectives of the type a Z(k, b are considered (where 

^ 

Z c A, 0, I or E). This is possible since, for logical relations 

of the type k A k V k £ , k / , the relevant 

mxn matrix of the relation taxes the form given below in (43a to d) , 


by a suitable rearrangement of the indices i = 1 to m, and J = 1 to n. 
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These are seen to have a close correspondence with the structure 
of the 2x2 matrices in ShS, for the four connectives A, Oj I, E 
respectively. 


From Boolean matrix algebra, it is obvious that the four 
relations represented by the matrices in (43a,b,c,d) will have 
properties identical with the four SNS matrices for A, 0, I, E, 
with the only difference that they refer to £ Z b , as 
distinct from § Z b for SNS, In the case of 2x2 matrices, 


if and b^ are related by = 1, then the unary relation 

g g = i leads to if aj_ is input. This same sentence can be 
carried over to the general relation in GLOGIC. However, in SNS, 
there can only be one and one b^ in the four quadrants 
marked in (43a,b,c,d) while there can be a larger number of them 
(such as k/ , k(n ^ £) etc.) in GLOGIC. A little reflection 


v/ill show that we have in this manner completely transferred the 
logical properties of the relations k A £ ,..., k i , 

Xr ^ ^ Ti 

corjiecting the two sets represented by k and £ , into the matrix 

formalism ,by using this procedure. 


Therefore, if we consider the condition (c) mentioned in 
(37) and worked out in (43) for SNS, the whole proof from (40) 
to (42) can be carried over into GLOGIC, with E(k, Z) being 
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replaced by E(k, £) , subject to the generalizations mentioned 
above. Thus, we can prove, for instance^ that (44) is valid 
for GLOGIC. 

i ^ I = a E b = A b) V A b") (44) 

This is also applicable to logical connectives of the type 
involving a clausal relationjand their generalizations 
considered in earlier sections, for which most of the results 
worked out in SNS algebra can be taken over. On the other hand, 
as already mentioned, the results proved in (31) to (3b) and 
for condition (a) of (37) are valid, not only for logical matrix 
operators, but also for any general m x n matrix occurring for 
the relation in GLOGIC. 

(d) SNS truth values 

The extension of the above considerations to SNS truth 
values is fairly straightforward. For this purpose, we have 
only to show the identity of c of (45a) and c' of (45b) for 
the conjunction of two relations R1. and R2 , 

c = t(a R1 L) A t(a ^ b) (45a) 

c' = t(a (R^ ® ^) fe) C45b) 

( using GSTV ) 

It can be readily shown tnat this equality/is equivalent to 
two equations (46a) and (46b) given below. 
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I M ) b > ® <a 1 g I b > = I gj ® g I ^ > (46a) 

(Ca 1 m‘=I ;b>®^a lR2= 1 b> = <a I R1‘=@R|‘=I b > (46b) 

Of these, the second equation (46h) for disjunction is universally 

true, following from the result (35). Therefore, the condition 

for the equality of the SNS truth values of (45a) and (451)) is 

the same as that for the equality to hold between the l.h.s and 

(GBTV) 

r.h.s for the Boolean truth values |in (46a). This has been 
discussed above, and we have listed the three conditions (a), 

(b) , (c) in Section 9(b) above. Therefore, if one of these 
conditions is satisfied, not only is there a conjunction identity 
for Boolean truth values, but also for SNS truth values defined 
in (45a, b). 

Since we have proved this for a general relation denoted 

by m X n matrices, it is equally true for QL-2 and SNS logic. 

Therefore, all the results obtained in the problems discussed 

in MR-60 and 61 become explainable. The most interesting 

consequence from the point of view of the logic ^is that the 

conjunction of two relations is not a uniquely definable property, 

and that its logical consequences will depend upon whether the 

conjunction is applied to the two relations as such, or to the 
truth values of the consequences of each of the two relations 
applied individually. This will be pursued further in a 
theoretical paper, (See MR-65) 
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10. Comparison of GSTV and GSTV2 


This section is what has been referred to as Appendix 


to MR— 62 in tne previous two ptirts 


I Q nn 


OTTVQ.r' T 1 


reference to the analysis of Problems 4B, 4C of the former 
and Problems 8B, 8C of the latter. The discussion has also 
relevance to Problems 1A and 4A of the former and Problem 7 
of the latter. They form a natural extension of the previous 
section 9 of this report ^ with special reference to the differences 
between the application of GSTV and GSTV2 to calculate troth 
values. We shall first discuss the essential feature with 
reference to Si'JS logic and then indicate how these can be 
extended to QLOGIC and to GLOGlC in general. 


(a) Difference between 3BTV and SBTV2 

Although the two functions SBTV and SBTV2 have not been 
specially defined in MR-bO dealing with SNS logic, they are 
peirticular cases of GLOGIC where GSTV and GSTV2 have been 
defined. The crucial differences between the two, for relations 
expressible by logical connectives in propositional calculus, 
can be traced to the following example of Boolean truth values, 
calculated via the matrix formalism, and via the relative 
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truth values, for the simple case of a disjunct icn a \/ b , 


For tb^e case when b = (O 0) = X, the following two results 


i47a,b) are obvious. 



= 0 (SBTV) 


(47a) 


(1 


0) /V 

. 0 . 


(1 


“0 


1 0=1 (SBTV2) (47b) 


Thus, for the relation aV b , and the inputs 2 = T and b = X, 
the truth value calculated using the MATLOG formulation of BVMF 
is 0, while that calculated using relative truth values as in the 
"FORTRAN Program mYA2" CMR-10) is 1. Even at the time that 
NTAYA was developed, we had noticed that the formulae led to a 
non-X state for the SNS truth value of § \j h for the inputs 
a = T, b = X, even though one of the inputs is the impossible 
state which would intuitively indicate that the relation should 
also have the contradictory state X, This was taken care of by 
introducing an additional condition in all NYAYA formulae, (except 
union), namely "X-priority check", which made the truth value 
X if either a or b = X (see MR— 12, p 40 and MR— 16 , p9, in 
particular) • kith this condition, it can be readily verified 
that SBTV and SBTV 2 will agree for all inputs and outputs and 
for all matrix relations in SNS logic o 
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In fact, when MATLOG was first developed and the first 
program for i''ATL0G was written in MR— 18, we noticed that the 


r* 

^ t * 


•---f-J-.- -T 'J- 

? I ' i L y I i vf L 




for t • uth V al ‘je s ^ and 


therefore , this has never been mentioned explicitly thereafter) 


until in MR-62 PLOGIC fonnulae were discussed) where^ once again_, 


this was found to be necessary. For instance, we have put the 
condition 


IF QVA . OR . QVB = Q8 , QVC = Q8 


(48) 


Therefore it suggests itself that) for truth values requiring 

the condition that impossible as input always leads to 

impossible as output (except for union), BVMF with matrix 

multiplication can always be employed) including the case of 

union in SUNIOh, GUNIOh and QUNION. 

( b) Extension to SSTV2. QSTV2. GSTV2 

The question arises as to why SBTV2) and the derived truth 

value formulae SSTV2, QSTV2 and GSTV2j are necessary. This is 

best made clear by taxing the general example of GBTV2 

corresponding to the disjunction 0(k, ^) = k‘ ^ ^ , which 

meanS)in multivalued logic corresponding to sets A and S 

having the subsets and j that "Aj^ or is true" . 
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In this cascjif is a null set * since 

is not a null setjif one element of this is present, then 

the civen relation is true. This feature can be obtained only 

by using GBTV2jand not by GBTV, which will automatically 

maKe the output false for all inputs if B = (j) = iO 0 ... 0 0) . 

Therefore, the converse of the X-priority check is demanded 

for set theory and multivalued logic. The matrix formulation 

is universally applicable so long as neither A nor B is a null set. 

If one of them is a null set aM the relation is a logical 

disjunction of or B^ , then GBTV2 and the analog GSTV2 

must be employed. In fact, even for the setf A and B having 

only two members, or three members, and the vector a, or is 

not a truth value, but represents a general 2~vector or 3~vector 

for sets, the same considerations hold. 

These are ndC'defects of BVMF, tut rather very much to its 

credit, as it is possible to distinguish clearly the application 

to 

of m X n matrices for all m, n > 2 , the truth values in 

A 

SNS and QL, and to set theory in general, for all applications. 

It might even happen, in set theory, that the occurrence of the 
null set is an impossibility, in which case, this can be 
incorporated in a suitable manner in the formulae. In general, 
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if the conditions of the prohlem are precisely stated, it is 
always possible to construct a vector-matrix formula to take 
care of the logical features of the problsm, ar-d then we can 
make it computer implement able for solution. 

If these features are understood, then the solutions 
to all the problems mentioned above become understandable. 

Some of these are discussed below, and in MR-65, and full tables 
of data are contained there. 

(c) Explanation of the differences between SSTV and SSTV2 for E(k, Jl) 

Analogous to (47a,b) above, the two BVMF formulae for 
a A b are as follows. 


(1 

0) 

/1 


/o\ = 0 (SBTV) 

(49a) 




0/ 

w 


(1 

0) 

f1\ 

I 

® 

(1 0) /0\ » 1 ® 0 * 0 (SBTV2) 

(49b) 





10/ 



In this case, the two agree. In fact, as a general proposition^ 
it call be shown that ail conjunctions lead to agreement between 
SBTV and SBTV2^ while for disjunctions if either a or b is X, 


then it is possible that SBTV and SBTV2 disagree. 
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Combining these two results in (47) and (49), we can 
make the following general statement of the likely differences 
between SSTV and SSTV2, 

"For all conjunctions a y\ b , if either a or b 
is X, then it is possible that SSTV2 gives F while 
SSTV gives X" . (50a) 

"For all disjunctions a V If either a or b is X, 
it is possible that SSTV2 leads to T, while SSTV 
always leads to X’, (50b) 


This covers all of Problems 1A and 4A of Part I and Problem 7 
of Part II. 

In fact, the same considerations, extended to GLOGIC 
(as indicaxed in theory in MR-65) also explain the conditions 
under which SSTV and SSTV2 formulae give different results, 
fcr a E b in 3SS, and also correspondingly for a E b in QL-2, 

a I ^ fa GLOGIC. We shall not describe this in detail, 
but give some illustrative tables whichjwhen proved, will make it 
clear. Since tables illustrating Problems 1A and 4 a of Part I^ 
and Problem 7 of Part II, ai'e given in those parts, and as the 
complete output for Problems 4C and 8C will be given in MR-65, 
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we shall only give selected tables from the latter two lor 
illustration below. Thus, Table 5(a) contains the computer 


outputs for 


X? I 


\ 

I ^ r u } 




1 m'n I omii mr ott t r%rt 
du ji» vxi 


of the mathematical formulae (51a, b), for E(l, 1), and the 
corresponding formula generated for E(1, 2) by replacing b by nb. 


a I b = (a A b) \/ ( -^ I A S) (51a) 

a|b a (a I b) A ( “") a I ~1b) (51h) 


The first two columns correspond to the input-fi a, b , The 
third column is a common output of (51a) and (51b) obtained 
by SSTV, while the entries in the 4th and 5th column are 
respectively those obtained with (51a) and (51b) using SSTV2 
implementation, which differ from SSTV, It will be noticed 
that such differences occur only when either a or b is X 
and also that the differring entry is always F for the fourth 
column corresponding to (51a) and T lor the fifth column 
corresponding to (51b). This feature is true lor all E(K, £) , 
as will be seen from the other examples given in Tables 5(b,c). 
A complete output for this problem is included in MR-65. 
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TabXe 5* Check of Problem 4C for E(1, 1) 
(a) Both k and £ not 3^ or h 


T 

1 

T 

T 

F 

F 


Ii 

U 

l! 


X 

X 


FFCDP 

T 

F 

D 

X 

1 

F 

D 

X 

T 

F 

Ii 

y 

T 

c 


AC 

1 

F 

D 

X 

F 

T 

U 

X 


II 

X 

V 

X 


KK *L) 


F 1 

F T 


k { f 1 'i 


T 

1 

T 

T 

F 

c 

F 

F 

n 

It 

T I 

I' 

y 

y 


FF.DF 
T c 

F T 

F It 

X X 

T T 

F F 


ri 

V 

T 

F 

r. 


It 


u 

D 

n 



< F. !• L ) = 1 . 2 > 


F 1 

F T 


SM. E(1, 2) 
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Cb) 

One 

of 


3 or 4 


F ROB 

4C 

(KpL> 

= ( 1 » 3) 

T 

T 

T 



T 

F 

T 



T 

D 

T 



1 

X 

X 



F 

T 

cr 



F 

F 

F 



F 

D 

F 



F 

X 

X 



D 

T 

n 



D 

F 

D 



D 

n 

D 



D 

X 

X 

F T 


X 

T 

X 



X 

F 

X- 



X 

D 

V 



X 

X 

X 





PROB 

4C 

<K»L) = <l!-4) 


• 


T 

T 

F 


T. 

F 

F 


T 

B 

F 


T 

X 

X 


F 

T 

T 


F 

F 

T 


F 

D 

1 


F 

X 

V 


D 

T 

Li 


D 

F 

D 


D 

D 

B 


D 

X 

X 

F T 

X 

T 

X 


X 

F 

X 


X 

n 

X 


X 

V 

V 




L UG 


(c) Both 


and = 3 s ^ 


F R 0 E AC 


< K f L » ( 


3 > 


1 

7 

7 

F 

F 

F 

F 

l! 

n 

D 

D 

V 

V 

X 

X 


7" 

F 

D 

X 

T 

F 

D 

X 

T 

p 

U 

T 

F 

U 

X 


T 

7" 

7 

X 

T ’ 

T 

T 

X 

T 

7 

r 

X 

X 


PROB 4C <KpL) = (3f4) 


T 

7 

T 

T 

F 

F 

F 

F 

D 

D 

D 

D 

X 

X 

X 

v- 


D 

X 

T 

F 

D 

X 

T 

F 

D 

X 

T 

F 

n 

X 


F 

F 

F 

X 

F 

F 

F 

X 

F 

F 

F 

X 

X 

X 

X 
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Table 6 contains the computer outputs for E(1, 1^, E(^ b) 

E(1, 7j and E(7i 7) for the QSTV2 implementation of QL-2 formulae 
analogous to (51a) and (51b) « In tms case) tne luii tJxy table 
is given in a square array lor QSTV (first table) and also 
for both (51a) and (51b) employing QSTV2 (second and third tables). 
Of these, the first table corresponds to the agreeing results 
using both (51a) and (51b), and also matrix multipiication^for QSTV 
It will be seen that the second and third tables for each (k, ^) 
agree with the first table for the first seven columns and 
first seven rows, in all the examples given. However, for the 
last row and/or last column, QSTV gives always X as output, 
while QSTV2 gives some entries, which are F in the case 
corresponding to (51a), and T in the case corresponding to (5lb). 

The behaviour is closely similar to that observed in SNS. 

It is only necessary to replace the contradictory state, X, for 
the SNS terms, by the contradictory state, for quantifier states. 

It will be noticed that there are 2x3 = b entries when 
both k and £ are not equal to 7 or 8, three entries if one of 
them equal to 7 or 8 while the other is not , and no differences 
at all between QSTV and QSTV2 if both are equal to 7 or 8. 



ble 6, Check of equations similar to (31a.b) for _E tk , ^ ) 
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This is closely similar to the behaviours in SNS as mentioned 
for Table 5. In fact, it is readily verified that the 
differences between QSTV and QSTV2 are produced only if 

/ 

or 

tCb//) = D and ^ -(j) (52) 

The corresponding formulae for SNS can be put in the same 
pattern as 

t(a [ s(k)) = D and b = X 
or 

t(b| s(k)) = D and a = X ( 53 ) 

These results are readily derivable from BVMF algebra, and this 
is left to the reader who may prove them even more generally for 
GLOGiC, after reading I-R- 65 , 
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Appendix 

The appendix to Part III, .^.=62 has been reierred to 
in MR-60 and 61 . These relerences deal essentially with 
Problems 4, 6, 7 and 8. In some cases the reierence is made 
to MR-65 for the same problems. Since the theoretical 
discussions have to be given in some detail, no appendix is 
added here, but both the materials intended for this appendix 
as well as for MR-65 are given in some detail in the report 
PR -65 forming Part IV of MATLOG series. 

The proposed detailed treatment of QL-1B jmentioned In 
page 62, MR -6 1 j and of tensor relations and GLOGlCy mentioned 
in MR-62 at various places, have not been written up in MR -65 
for lack of technical assistance. 
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ABSTRACT 


This review article, based on a lecture delivered in 
Madras in 1985, is an account of the author’s experience in 
the working out of the molecular structure and conformation 
of the collagen triple-helix over the years 1952 - 1978. 

It starts with the first proposal of the correct triple- 
helix in 1954, but with three residues per turn, which was 
later refined in 1955 into a coiled-coil structure with 
approximately 3.3 residues per turn. The structure readily 
fitted pro line and hydroxypro line residues and demanded 
glycine as every third residue in each of the three chains. 
The controversy regarding the number of hydrogen bonds per 


The author is deeply grateful to Prof. C.H. Li, for having 
kindly invited him to contribute his review article based 
on the lecture delivered in the Central Leather Research 
Institute (CLRI), Madras, in July 1985. The sequence here 
closely follows that of the lecture, but the text has been 
edited so as to be more suitable for this journal. The 
figures have been pruned and captions added, along with the 
more pertinent references to the text. 




tripeptide could not be resolved by x-ray diffraction or 
energy minimization, but physicochemical data, obtained in 
other laboratories during 1961-1965, strongly pointed to two 
hydrogen bonds, as suggested by the author. However, it was 
felt that the structure with one straight NH . , , 0 bond was 
better. A reconciliation of the two was obtained in Chicago 
in 1968, by showing that the second hydrogen bond is via a 
water molecule, which makes it weaker, as found in the 
physicochemical studies mentioned above. This water molecule 
was also shown, in 1973, to take part in further cross-linking 
hydrogen bonds with the OH group of hydroxyproline , which 
occurred always in the location previous to glycine, and is 
at the right distance from the water. Thus, almost all 
features of the primary structure, x-ray pattern, optical 
and hydrodynamic data, and the role of hydroxyproline in 
stabilising the triple helical structure, have all been 
satisfactorily accounted for. These also lead to a confirmation 
of Pauling’s theory that vitamin C improves immunity to 
deseases, as explained in the last section. 




Stereochemistry of Collagen 


1, Introduction 

It was very kind of Dr. Thyagara^an, Director of CLRI, 
to have invited me to inaugurate the renewed activities in 
the field of basic sciences in this Institute. I am 
particularly happy about this since I have been associated 
with CLRI right from its inception in the 1950 's. I could 
not think of a better topic than the 'Stereochemistry of 
Collagen' for the inaugural address, since it has been one 
of the main fields of activity, in our laboratories of 
Molecular Biophysics, both in the University of Madras, and 
in the Indian Institute of Science, Bangalore. As I have 
not been doing original work in this field for the past few 
years, I propose to give a short account of the various 
developments in this subject made in our laboratories, with 
special reference to the molecular structure of collagen. 
Starting from x-ray diffraction studies in the early 1950' s 
and the proposal of the correct triple helix for collagen in 
1954-55, which were followed up by conformational analysis 
and energy minimization for its refinement, they have led to 
the delineation of the role of hydroxyproline in collagen in 
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the early 1970' s and the linking up of this to the role 
of vitamin C in immune response in 1978* These are broadly 
reviewed in this lecture, 

2. Protein helices 

Stable structures of protein molecules depend upon two 
aspects, namely the unbranched peptide chain of the protein 
molecule and the occurrence of hydrogen bonds between 
different parts of the protein chain that stabilizes its 
secondary structure. The importance of hydrogen bonds for 
helix formation became established with the theoretical 
elucid^ation of the now-well- known ^-helix by Pauling in 
1951* Once the parameters of the helix were found from 
stereochemistry, it took no time at all to prove the 
correctness of these by x-ray diffraction, as was done by 
Perutz. Within a year or two of the demonstration of the 
-helix in the KMEF group of fibrous proteins, came the 
even more exciting double helix for DNA as proposed by 
Watson and Crick in 1952. The helix era had begun. 

I mention all these because I was encouraged to enter 
this field by reading the beautiful series of papers 
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published by Pauling and coworkers in 1951, and, when I was 
appointed Professor and Head of the nev/ly started Physics 
Department in Madras in 1952, I chose x-ray diffraction, and 
x-ray crystallography in particular, as the main theme of 
our laboratory, and their application to biomolecules as the 
main aspect of this field that is to be pursued vigorously* 
Hov/ever, I did not knov; v/here to begin^and which molecules, 
or biopolymers, were the most profitable ones to study. 

This problem was resolved by the happy coincidence of a 
visit by Prof. J.D. Bernal to Madras in the early 50*5. 

When I put this question to him, he told me that he v/as not 
very happy with the various structures of collagen that 
had been proposed in the literature at that time, and that 
the problem was wide open. Even more than that, he indicated 
that there were some specimens of shark fin ray collagen 
(elastoidin) in the Department of Biochemistry of Madras 
it self, 

3* First contacts v/ith collegen via CLRI 

This helped us in starting our studies. But this 
material was not the best one suited for x-ray diffraction 
purposes. We wanted kangaroo tail tendon (KTT) or beef 
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AchillGs 'tGndon* HGre again, it vras vGry lucky that thG 
Central Leather Research Institute was in Madras; in fact 
it was our neighbour in Adyar. I contacted Dr. Nayudamma 
in CLRI and they obtained for us a big tubeful of KTT from 
Australia, For beef tendon, the usual procedures of obtaining 
the pure protein was done in CLRI itself. The avaiiabality 
of x-ray diffraction photographs in our own laboratory 
for first hand studies was very useful in the solution of 
the correct structure, as we shall see later. 

Coining to the story of the progressive steps in obtaining 

the detailed molecular architecture (secondary structure) of 

the collagen helix, I shall only touch upon the hi^lights, 

particularly with reference to the work done in our laboratories. 

This report is not intended to be a review, or an authoritative 

account, but only a reminiscence of the studies made in Madras , 

★ 

Chicago and Bangalore. 

^Reference may be made to the reviews (l-4) by the author, 
and, therefore, this lecture v/ill not cite full references 
to the literature, but only the vital ones. 
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The most important feature of collagen, that has relevance 
to the molecular architecture of its protofibril, is the 
characteristic amino acid composition of the protein, which 
had been determined at that time for a wide range of biological 
sources (Fig. 1), It is widely different from that of other 
proteins. The most important feature is the existence of 
one-third the number of amino -acid residues as glycine, and the 
existence of almost another one-third of the residues as the 
imino-acid residues proline and hydroxyproline. The positively 
and negatively charged amino acids are fev/, but occur in 
approximately equal amounts. The other features that had been 
reported in the literature v/’ere the data on infra red dichroism 
of the fibre and optical rotation of the solution. The infra 
red data showed that the groups N — H and C =»= 0 ^ of the 
backbone of the protein chain, are approximately at right 
angles to the fibre axis^and the specific rotation indicated 
that the helix was left handed, having a sense apposite to that 
of the -helix. The infra red data also indicated that all 
the peptide units were trans, and that no cis residues were 
present. The x— ray pattern did not have too much of data, 
and had been interpreted diffierently by different workers* 
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Fig.1. Amino acid composition oi collagen, Hote the 
occurrence oi 1/3 the number oi residues as 
S^yc-^-ae and practically another 1/3 as the 
iniino~acid residues proline and hydroxyproline » 
having rigid side chains v/hich impose a left-handed 
twist for the helix (see below), (From the book (1)), 
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for the chain configuration in coilager 

There were several proposals in the literature, / Bome 

of which are shown in Fig* 2(a-d) . As will he seen from 
these figures, the nature of the helix proposed by different 
workers widely differr«d from one anotner, , and the one 
shown in Fig. 2(c) was not helical at all. Some had cis 
peptide units in addition to the trans peptide units, a 
feature that was contrary to the infra red information 
that only trans residues were present. It must be 
mentioned that there was no special feature in any of 
them, which required that one-third of the residues must 
be glycine, 

4, Proposal of the first structure in 1934 

I had the good fortune of having a trained ciystaiio^^pher 
and an excellent scientist in Dr. Gopinath Kartha, who joined 
me as a postdoctoral worker^ in our studies on collagen* This 
gave a great spurt to our activities. Kartha and I made 
various attempts at building a structure that will fit the 
x-ray diffraction data, in addition to all the chemical and 
physico-chemical data mentioned above, A fresh indexing of 
the x-ray pattern (see Fig. 5), indicated that the protofibril 
was about 12^ in diameter, and that it had a repeat along the 
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Diagrams illusira-bing the structures proposed for 
collagen by (a) Astbury and Reid (19^0), (b) Pauling 
and Corey (1951), (c) Randal and coworkers (1952), 
and (d) Crick (1954), Note that the structures in 
(a), ("b) and (d) employ els residues for proline, 
while (c), which is all trans , is not helical at all. 
None of them demand that glycine should form one-third 
the number of residues, (From (2)), 
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libre axis of approximately 9“10A with probably three residues 
in the repeat t corresponding to the meridional spacing of 3A, 
and having three such chains in the unit cell as indicated 
by the density, Kartha and I, being both crystallographers, 
gave the greatest value to the diffraction pattern and started 
building structures which were left-handed helices, as required 
by optical rotation, and which had N— H and C ss= 0 bonds 
at right angles to the helix axis, as required by infra red 
data. We also put in the condition that no cis residues were 
present, as had been found also from infra red data. All of 
these were conditions that were happily chosen, and found 
to be even in the final model. 

But the most interesting feature was that the occurrence 
of proline and hydroxyproline in the L-configuration in 
collagen restricts the freedom of orientation of the chain in 
relation to the fibre axis and permits only a left-handed helix. 
We, therefore, assumed that each individual chain had a helical 
configuration of three residues per turn, with the crystallograjMc 
S3n3imetry 32* When three such chains, each having the 
left-handed 3-fold screw axis symmetry, were put together, 
and hydrogen bonds were fitted in, we found that each of them 
was again related to the other two by a similar 3-fold screw 
axis, A perspective view of the structure so obtained. 




1 — c 



Perspective view, from the side, of the contents 

O 

of one unit cell, for a height of 9— 10A, of the 
collagen triple helical structure (5) • Note 
that the hydrogen bonds are nearly at right 
angles to the helical axis, all residues are 
trans , and that L-proline side chains readily 
fit in the structure, giving it a left-handed 
twist for the helix. (From (5))* 
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Fig, 4, The structure in Fig. 3 projected down the helical 
axis — (a) triple helices pacKed in an hexagonal 
unit cell. Only the hydrogens in N— H groups are 
shown. Note the feature that one of the three 
o<l-carbon atoms in the three residues occurring for 
one full turn cannot have any side-chain ^-carbon 
atom, while the other two can have any side chain 
attached to them, including especially proline. This 
feature is particularly clear from (b) where the two 
hydrogen atoms of glycine attached to C , and the 
C'^-atoms of the side chain in the other two residues, 
are also marked in one of the chains, (From (6)). 
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(which we published in Nature (5) in 1954) is shown in 
Fig, 3* Fig, 4(a) contains a projection down the helical 
axis of the proposed crystal structure (reproduced from (6)), 

As will be seen from Fig. 3, the hydrogen bonds are 

nearly at right angles to the helical axis and the peptide 

units are an in the trans configuration. Also the proline 

side chain comes on the outside of the triple-chain 

protofibril. This is also seen very clearly in Fig, 4(a), 

Hov/ever the most significant feature of the molecular 

structure that automatically came out of the analysis was 

that every third residue in each of the three chains must 

be glycine. The essence of this is shovm in Fig, 4(b), where 

it will be seen that every third residue cannot accommodate 

the ^-carbon of any of the other nineteen amino acids 

if inter-chain hydrogen bonds are to be made in the 
as in Fig, 4(a). 

protofibril, / Therefore, the experimentally observed composition 

of one-third glycine, which is a very characteristic feature 

feature 

of collagen, comes out as a fundamental / required for the 
molecular fit of the three helical chains with one another in 
the triple helix. It is also seen from Fig, 4(a), that 
proline or hydroproline could redily occur in the other two 
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locations between two glycine residues, in the sequence 
— Gly — X— Y— >, o£ the molecular chain. 

It is interesting that the exact 3“fold screw symmetry, 

of the chain invoked here, (but modified to a non-integral 

screw axis with 10 residues in 3 turns later) was fomd 

very soon to be valid for the polypeptides poly-L-proline (7) 

(Sasisekharan, 1959) » 

and poly glycine (8), and later/ for poly-L-hydroxyproline 
also , all of which have a unit height of about 3^ , 

-1 

5. Supercoiled structure with 5^ units per repeat (9,10) 

On careful examination, we were not fully satisfied with 
this structure, although it was apparently a good first 
approximation to the correct (me. The most important feature 
that had to be refined was the number of residues per turn 
in the helix. Fortunately, just t\<-o years earlier, Cochran, 

Crick and VancS^I 952 ) had published a thorou^ analysis of the 
theoretically ej^pected diffraction pattern of helical 
structures, and how the geometrical features relating to the 
structure, such as unit twist, unit height, and pitch, could be 
obtained from a meastu'ement of the diffraction pattern. 
Therefore G.K.Ambadi of our department took a diffraction 
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Fig, 5. X-ray difiractioxi pattern of collagen obtained by 
keeping tne fibre at a suitable angle to the x-ray 

O 

beam for making the 3A spot meridional. Apart from 
substantiating the approximate value 10/3 for the 
nupiber of residues per turn (n), it also helped in 
getting the more accurate value of 5*27 for this 
quantity obtained later in i960. 
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picture of KTT, kept wet and iully stretched, and inclined 

to the x-ray beam, so as to record all the reflections down 
0 

to 1.5A, When we analysed this pattern (Fig. 5) according 

(9) 

to the formulae of Cochran et al . we found/ that the correct 
value, for the number of residues per turn in the collagen 
helix, is close to 3*3> or 10/3 (the nearest ratio of small 
integers), rather than 3. Therefore, the individual chains 
Cannot be helices with an integral number of units per turn. 
The schematic picture of one such helix, having about 3.3 
residues per turn, is shown in Fig. 6(a). In this, P^, P 2 » P^ 

oL 

etc*, represent the C atoms of adjacer^ peptide units and 
these are separated by a twist per residue of 110® about the 

O 

helical axis, and a displacement of 3A at right angles to the 
diagram. The number of residues per turn (n) is therefore 
360®/110® s 3.27. This value, rather than the value of 

a 

10/3 s= 3.33, is chosen for Fig. 6 because it is based on/more 
accurate determination made in I960. If n = 10/3 » then the 
unit twist will be 108® instead of 110®; both of these are 
to be compared to the value of 120® corresponding to n « 3 
as in Fig. 4(b). 
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Fig. 6(a) Projection of the backbone of a non- integral helix 
with approximately ten residues in three turns. 

(This value corresponds to 108® for the unit twist. 
However, the more accurate value of 110® corresponding 
to n = 3.27, which was found later in i960 in our 
laboratory, is used in this figure.) 

(b) ¥hen three such helices are put together, as in 
Pig.h(b), it is seen that the condition that 
every third <=<l-carbon atom must be on the inside 
of the triple helix, is lost — lor example, for the 
<5<.-carbon atoms 4 , 7 and 10 , 
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(d) 



Fig. 6(c) This condition can be restored by giving a right-handed 
superhelical twist of 30® (360® - 3 x 110®) for the 
indiviaual helices as shown in this figure. 

(d) The pattern of the molecular arrangement employing 

three such superc oiled left-handed minor helices, all 
of which are wound about the central axis with a 
right-handed' twist* The value of 30® for three 
residues of the supercoiling twist will lead to a 

O 

ma;jor helix pitch of about 108A, corresponding to 
36 residues. (From (l)). 
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However, when three such helices are put together in 
the pattern of Fig, 4(b), as shown in Fig, 6(b), the condition 
that every third <=<-carbon atom mut belong to glycine, is lost. 
It took Kartha and me some time to figure out how to overcome 
this difficulty,. Finally, we discovered a way, and this was 
to make the three helices intertwine themselves further by 
twisting around the common central axis of the structure, 
so as to form what is called a “coiled-coil structure”. 

This feature is shown for a single chain in Fig. 6(c). A 
glycine o<^carbon atom P-j, and the next such atom P/^, both 
now occur at the same distance from the centre 0 and on the 
inside of the major helix. However, they are not one above 
the other as in Fig, 4(b), but are relatively displaced by 
a right-handed twist of 30®, The origin of this value, 30®, 
for the superhelical tvdst will become clear from Fig, 6(d), 
where three left-handed helical chains are put together and 
vraund about the central axis. In this case, the atom 
of one chain (A), and that of the next one (B) to the left 
of it, are separated by 110® about the major helical axis, 
and this gives the value of the number of units per turn of 
3,27 as required by x-ray data. If we take the C.^ atoms of 
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of the chains A, B and C, they are at heights of 0 A for A, 

0 0 

about 3A for B and about 6 a for C, Then, we come back to 
the corresponding atom, , of chain A at about 9A . 

We have effectively made a total left-handed twist of 3 x 110®, 
and therefore we are left with a right-handed twist of 50® 

c^. oC 

between and of the same chain A. 

It is obvious from syimnetry considerations that this 
pattern can be repeated in chains B and C also and the 
resultant structure then has a non-crystallographic helical 
true symmetry with a unit twist of —110® (the minum refers 
to left-handed), about the common central axis, and has a 
repeating unit consisting of three residues (— Gly — X— Y— ) 
in each of the chains* This is shown in Fig. 6(d). Consequently 
each peptide chain has 36 residues in the pitch of the triple 
helix. (This will be 30 if n « 3 -j '.) A side view of the 
molecular structure so obtained is shown in Fig. 7* 

This structure was also published in Nature (10) in 1955* 
and the projection down the fibre axis of this structure is 
shown in Fig. 8(a,b). It will be seen from this that all the 
stereochemical properties of the non-c oiled-coil structure — 
namely that the hydrogen bonds are nearly at right angles to 
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F±g,7« Perspective view oi -the superc oiled collagen 

O 

structure for a height of about 30A, showing 
the backbone atoms. (From (1)). 







i 

0 


c 
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Fig.SCa^ "Projection of the atoms, in the hacKbone andoproline groups, 
in a height of three residues from 0 to 8.6 A along the 
c-axis, drawn analogous to Fig. 4(a). Note that all the 
features pointed out for the non- superc oiled triple helix 
in Fig .4(a) are preserved in this also. 

(b) This diagram brings out the path of the bacKbone peptide units 
(which is seen to follow the pattern in Fig. b(d). In addition 
to '54-carbon atoms, N— H and C— 0 groups involved in hydrogen 
bonding are also shown. (From (6)). 
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the fibre axis, that every residue is a planar trans peptide 
unit, that the individual helices are left-handed, and that 
Pro and Hyp residues can be readily incorporated, in addition 
to the stereochemical requirement that Gly should occur once 
in every three iresidues in each peptide chain — are still 
preserved in the supercoiled structure. As will be seen 
from Fig, 7, the supercoiling about the central axis of the 
protofibril is quite small, being only approximately 90® for 
the whole length of the molecule that is shown in the figure* 

By this time, the subject of the triple helical structure 
of collagen had drawn the attention of two other laboratories 
in Britain (Rich and Crick (11) in Cambridge and Cown et al 
(12) in London) who had also examined the collagen structure 
on the basis of their observations on poly-glycine (8) and 
poly-L-proline (7) respectively. They obtained essentially 
the same conclusions as we did, namely that a detailed fitting 
with the spacings, of the layer lines in the observed x-ray 
pattern of collagen, requires that the structure must be built 
of three individual left-handed helices, with right-handed 
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supercoiling, as shown in Fig, 8(b) • They also used a value 
ol 10/3 for n, the same as what was adopted by us in 1954-55. 

There were minor differences in the details as between 

the proposals from the three laboratories (see the next section), 

but the basic features were the same in all of these. That 

this structure is essentially correct is shown by the optical 

in 1955 

diffractometer pattern (Fig, 9) taken/by Dr, Cowan in King's 
OoHege , London, using a replica of our molecular structure 
shown in Fig, 8(a), and employing diffraction of light, instead 
of x-rays, for recording it. It will be seen from Fig, 9 that 
this pattern exhibits all the features of the x-ray pattern, 
and contains the equivalents, of the meridional spacing of 

O 

3A ( 10th layer) , and two other strong non-meridional layers 
(3rd and 7th), in addition to a weak 4th layer. In fact 
the x-ray photograph is almost completely duplicated by this 
optical diffractograph. Thus, the essential features of the 
helical structure, and its supercoiling, become well established 


by the end of 1955* 
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Fig. 9 (a) Optical transform recorded using the supercoiled 
triple helix. 

(b) Diffraction pattern of collagen fibre kept at 75® 
to the x-ray beam. Note the almost exact 
correspondence, in the central region, of the top 
halves of the two figures. (In the x-ray pattern 
the intensity falls off rapidly with the distance 
away from the centre, owing to disorder.) (From (6)). 
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6> The, guestion of one or two hydrogen bonds per three residues 

Although there was thus general agreement as to the 

helical parameters associated with the collagen triple helix, 

there were minor differences in the molecular structure as 

proposed by the three laboratories mentioned above. The main 

point of difference was, as to vdiether the number of hydrogen 

bonds stabilizing the structure per three residues, was one 

or two, Pauling had enunciated the principle that the maximum 

number of hydrogen bonds would be made in a stable structure, 

and we had therefore tried to introduce both the NH ... 0 

hydrogen bonds that are possible between adjacent protein 

chains, while the third Nfi was nowhere near the correct 

orientation for a hydrogen bond to be formed, Ridh and Crick (11) 

North 

and Cowan, McGavinand/(12) had both concluded that only one 
strong hydrogen bond is possible, if the structure is to be 
not too closely packed, and, in their structures, the second 
NH group that could be involved in a hydrogen bond was left 
free. When the preprints of these papers reached us, we 
also looked into this question, and it was found that an 
one-bonded structure could be built (15)# However, this could be 
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done by rotating the minor helices either in an anti-clockwise 
direction by +40®, or a clockwise direction by -15® » from the 
double-bonded structure. Both Rich and Crick and Cowan ^ ^ 
preferred the former (plus) structure, but we found that the 
latter was superior (Only this minus structure was used for 
later studies in our laboratory). 

During the succeeding years, the structure was looked 
at in great detail in Madras, and the relative merits of the 
one-bonded and two-bonded structures, both from considerations 
of molecular packing, and of their agreement with the x-ray 
diffraction pattern, were examined in our laboratory. The 
results were presented in an International Symposium on Collagen 
arranged by CLRI in I960 (14), The main conclusion was that 
the best conformation that could be worked out for both our (minus) 
one-bonded structure and our two-bonded structure were equally 
good; but we preferred the two-bonded structure because of 
the possible stability introduced by the additional hydrogen 
bond, (In fact, these studies, made mainly in collaboration 
with V. Sasisekharan and C, Ramakrishnan, brought home to us 
the fact that there were no hard and fast criteria available 
in the literature for dodging a structure to be good or bad. 
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and "this led us "to our studies on protein confoz*iDation 
and on stereocheiaical criteria for peptide structures in 
general, but that is another story.) 

From the point of view of the x-ray diffraction data, 

the calculated Fourier transforms of the two structures 

were very close to one another, and both agreed fairly well 

with the observed intensity distribution in the layer lines* 

In fact, independently. Rich and Crick (15) also reported 

with x-ray data 

good agreement/ of an one-bonded structure close to our 
minus structure. 

Attempts were therefore made to resolve the question 
by means of conformational energy calculations of the two 
structures (16). Although these gave, as expected, a lower 
energy for the structure with two hydrogen bonds per three 
residues, it was found to be only marginally superior, because 
the extra stabilizing energy was mainly contributed only by 
the additional hydrogen bond, and the non-bonded energy was, 
actually, infeid^ for the two-bonded structure. The situation 


was puzzling. 
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In factj the question of the nuiaber of Mi ,,, 0 hydrogen 
bonds per tripeptide in the collagen structure vas investigated 
experimentally in several laboratories ail over the world 
during the 1960’s, using various physicochemical techniques. 
Thus, data from widely different methods, such as deuterium 

exchange (Bensusan and Nielsen, 1964 ), tritium exchange 

/ti -I , McBride 

(Englander and Von Hippel, 196Z and j and Harrington 1964 

calculation of shrinkage and denaturation temperatures 

(Harrington, 1964 ) , all indicated the existence of two NH 0 

hydrogen bonds per three residues, rather than one (for a full 

account see (17)). 

Although there wts all this evidence in favour of the 
two-bonded structure, and although, as will be seen from 
Fig. 10(a), there is a gap in the cross linking bonds between 
the chains in the protofibril of the triple helix in the 
one-bonded structure, I had an intuitive feeling that the 
structure with two straight interchain NH 0 hydrogen 
bonds may not be the final answer, but that there must be some 
other Way of building the hydrogen bonds for the NH groups in a 
structure having the chain configuration close to that of the 
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One -bonded structure 



Water - bridged structure 

Lg.lOCa): Diagram showing the only set of hydrogen bonds of the type 
^4^4 ... O 2 linKing the backbones of neighbouring peptide 
chains in the collagen triple helix. Note that these are 
too fev/, and are not sufficient to produce good stability 
for the structure. 

(b) : On introducing two water molecules with 0^ and several 
OH ... 0 linkages are produced, in addition to a second 
NH ... 0 hydrogen bond of the type N 2 H 2 ... 0^. Note that 
practically every NH and every CO is involved in the hydrogen 
bond network. (Reproduced from (3)). 
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one— bonded structure. This idea was supported by the 
observation that all the techniques mentioned above indicated 
the existence of one strong hydrogen bond and one relatively 
venker hydrogen bond for every three residues — the weakness 
and strength being indicated by the ease with which the 
hydrogen atoms in the NH groups are displaced by deuterium, 
or tritium, as the case may be. 

Till about 1967 , there was no clear resolution from theory 
of this problem. However, a study made in Chicago along with 
R.Chandrashekaran gave us a very satisfactory solution (18), 
This was that the strong NH . , , 0 hydrogen bond is a direct 
one (N^ ... 0 ^) between the backbone atoms of neighbouring 

chains, while the second weaker one is from the free NH group 
(N 2 H 2 ) of Fig, 10(a) to the oxygen 0^ of a water molecule which 
again links up with the oxygen of a CO group (C^O^) in a 
neighbouring chain, via on OH ... 0 bond (Fig. 10(b)), Then, 
as will be seen from Fig, 10(b) , it is also possible to 
have one more water molecule, (O^Ch^^ , H 22 )), both of whose 
hydrogens bond with CO groups of neighbouring peptide chains. 

All this is seen in a wire model of the collagen structure 
with water bridges shown in Fig, 11* 





Fig. 11 : Photograph of a wire model showing the hydrogen 
bond cross links in the water bridge structure. 
The rods represent the backbone bonds and the 
balls water oxygens. Hydrogen bonds are 
indicated by striped wires. 

(Reproduced from (18)). 
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Water molecules are well-known to be firmly bound to 
protein structures, but this feature had not been properly 
taken into account previously for collagen, although 
Cowan et ^ (12) had suggested it. Soon after, in 1969, 
Yonath and Traub (19) also cameout with possible locations 
for bound water molecules in the collagen structure based on 
their refinement of the structure of poly(Gly— Pro— Pro) , 
which is relevant for the portions of the collagen triple 
helix having this sequence, (see also (20)). 

However, this was not the whole story, for the same water 
molecule involved in the NH ,,, 0 bond in Fig, 10 (b) could 
also be shown to serve the purpose of forming additional 
hydrogen bonds with the hydroxyl group of hydroxyproline side 
chains, producing still greater stability to the triple chain. 
This is discussed below. 

7. Hydroxyproline and its role in the collagen structure 

It should be mentioned that vigorous studies, of a 

physico-chemical and biochemical nature, had been going on 
in various laboratories during the 50 ’s and 60* s, and definite 
evidence that the collagen molecule is built up of three 
chains, and that they form a triple helix, of the nature 
indicated above, had become well established by experiment by 
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1970. There is no time to comment on these studies* 

However, one important fact relating to collagen which had 

not yet been given a proper theoretical basis stood out 

prominently — namely the role of hydroxyproline , an amino 

acid residue which occurs almost exclusively in collagen 

among all proteins. It should be mentioned, in this connection, 

that hydroxyproline (Hyp) is not one of the 20 amino acids 

that are coded by the genetic code, and it is not incorporated 

as such during the metabolic building up of the collagen 

chains in living tissues (see the review by Prockop (22) for 

further details). It is only incorporated as proline, and, 

aXter the formation of the triple helix, certain of the 

proline residues are hydroxylated by a special enzyme known 

as proline hydroxylase. It was also known that these Hyp 

T 

residues occur only in the third position/in the repeating 
sequence (— Gly — X — Y — ) of the collagen structure, 
and that the hydroxylation is of the 4 -trans type universally 
in mammalian collagen, although other isomers such as 
4 -cis« »Hvp and 3-Hyp, are observed in other systems. Therefore, 

* Other articles in the two volumes mentioned in (1) and (2), 
as well as the extensive reviews by Traub and Piez (20)^ 
and Bornstein and Traub (21), may be referred to for 
further details. 
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the question occurs prominently — Why are such Hyp residues 
manufactured in the collagen structure, and what purpose do 
they serve in its physical chemistry or biochemistry? The 
problem was in the air in the field of collagen research 
for a long time; but an answer to this came from stereochemica! 
considerations j as was found by us (23) in the early 1970* s 
in Bangalore. 

After I had moved to the Indian Institute of Science, 

Bangalore in 1971 » we had a visit of Prof. R.S. Bhatnagar 

from USA, who had earlier worked on the biochemistry of the 

hydroxylation of proline with Prof. D.J. Prockop. During a 

discussion that took place over the table, Bhatnagar asked 

me pointedly as to what explanation I can give for the 

existence of hydroxyproline , and that too, with the particuls- 

4 ~trans hydroxyl group that occurs in the side chain of Hyp 

residues. On inspecting the model, it became pretty clear 

to me that one of the water molecules, which was incorporated 

by Chandrasekaran and me into the collagen structure, had a 

free OH group, and that this was pointing towards the oxygen 

latter 

in the hydroxyl group of hydroxyproline , if the/is present in 
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Water - bricigfed structure (with hydroxypreiine) 


Fig. 12(a) : More hydrogen bond bridges introduced by 
hydroxyproline 0 H group. Note that in 
addition to those in Fig. 10Cb) , there is 
a linkage via hydrogen bonding between 
0^ and 6^ and that 0^ could serve for 
possible linkage with another triple helix. 
(From (3)). 




Tlae above leatures are seen in project 
in this figure. Note the occurrence o 
extensive network of hydrogen bonds, 1 
neighbouring chains of the triple heli 
protofibril- CReproduced from (3)). 
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Y 

the third position from glycine i.e., the position/previous 

to the next glycine. Immediately, I asked Miss Manju Bansal, 

\dio had joined me as a research student, to take the 

coordinates of the structure as worked out by Chandrasekaran 

and see if it will fit in this extra hydrogen bond involving 

the hydroxyproline residue, if slight modifications are made 

in the orientation of the surrounding region in the molecule. 

It took Manju not more than two weeks to make a thorough 

examination of the possibilities, and to arriv# at an 

acceptable set of coordinates for the collagen triple helix 

Y 

containing hydroxyproline in the third position/* and/or 

X 

proline in the second position^,.iB which this extra 
hy’Tz^gen bond is also made, 

A schematic representation of all these hydrogen bonds, 
fcllowinr zhe pattern in Figs. 10(a,b) is shown in Fig. 12(a, 
and an actual projection down the helical axis of the various 
groups involved in the hydrogen bonding network ^making use of 
the water molecule and hydroxyproline CH group, is shown in 
Fig. 12(b). As mentioned before, there is a strong 0 

z'ftrogez bond in cne deep inside of the structure , and there is 
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a second network, consisting of ... o'^, and 0^% . , . O =«= 
involving the water oxygen linking the backbone. In 

addition, there is one more hydrogen bond linking the water 
oxygen with 6^ of the Hyp side chain. Further, the 
hydroxyl group of the Hyp side chain is also pointed outv/ards 
from the centre of the triple helix, and could serve for 
interconnections between neighbouring triple helices via 
hydrogen bonds. Thus, hydroxyproline plays an important 
part not only in the stability of a single protofibril , 
but also in producing strong linkages betw'een neighbouring 
prot of ibr ils . 

In this region of research also , experimental biochemists 

had been gathering information on the role of hydroxyproline. 

( see 22) 

For instance, Berg and Prockop / showed that the melting 
nsrpera^nre cf hydroxylated collagen was much higher than 
that of the unhydroxylated triple-helical protocollagen 
molecules. In fact, the melting temperature of the newly 
formed collagen molecule, without any Hyp residues in it, 
is as low as 25®C, vhile fully hydroxylated collagen has a 
selxmg point of 50* C . Since collagen Is found mostly in 
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maninialiaji systenis with body temperatures in the region 
of 30® to 40*C, these experiments clearly show that collagen 
can be chemically stable in the bodies of all animals only 
if it is hydroxylated* These experisaents, and several others 
made using other techniques such as enzyme degradation etc., 
(see (22)) completely supported the results obtained from 
conformational theory that the real role of hydroxyproline 
is not chemical, but rather physical, in that its occurrence 
helps in the formation of a network of two, or three, hydrogen 
bonds for every three residues. 

With this, the essentials of the stereochemistry of the 
secondary structure of the collagen molecule could be said 
to have been firmly established. 

c. Primary secueace with glvcine as every third residue 

However, the complete resolution of the chemical sequence 

of the collagen molecule from the biochemical point of view 

became revealed only in the early 70 *s — thanks to the 

project involving 

efforts of Karl Piez, vtio initiated /a large international 

for 

grour with workers ir Germany, Piitalr. ar-d USA,/d€termir.l- r 
the primary sequence of the thousand-residue-long collagen 
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molecule, forming one of the three roughly equivalent chains 
in the triple helix (see the article by Piez (2A) for a survey). 
When this primary structure was solved, it gave full support 
to the theoretical assumption, made in the very first structure, 
that Gly must occur at every third position, in the helical 
regions of the structure. It also indicated that Pro invariably 

occurs at the second position X (after Gly) , and Hyp always 

Y 

occurs at the third position/(before Gly), although Pro residues 
may remain partially unhydroxylated in the third position also. 

Table 1 shows a portion of this primary sequence, in a 
number of different species of animals, all of which are seen 
to have this property. However, a more complete analysis of 
the protocollagen molecule indicated that collagen is primarily 
synthesized with an extension, both before the first residue 
having the regular sequence — Gly — X — Y — , and afrer 
the termination of this regular sequence. It is believed that 
these appendages help to align the three chains in proper 
justaposition, so as to initiate the formation of the triple helix. 

With this, it can be said that all the mysteries of 
the collagen primary structure (amino acid sequence) and 
secondary structui^ (stereochemistry of the triple helix j 






Table 1: Typical amino acid sequences* in a part of the 
helical region of the collagen peptide chain”^ 


Residue 

1(1) 

rat 

^1(1) 

calf 

°<1(I) 

Chick 

«^1(II) 

steer 

oC2 

rat 

2 

calf 

17 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

18 

Pro 

Pro 

Pro 

Val 

Pro 

Pro 

19 

Met 

Met 

Met 

Met 

Met 

Met 

20 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

21 

Pro 

Pro 

Pro 

Pro 

Leu 

Leu 

22 

Ser 

Ser 

Ala 

Met 

Met 

Met 

23 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

24 

Pro 

Pro 

Pro 

Pro 

Pro 

Pro 

25 

Arg 

Arg 

Arg 

Arg 

Arg 

Arg 

26 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

27 

Leu 

Leu 

Leu 

Pro 

Pro 

Pro 

28 

Hyp 

Hyp 

Hyp 

Hyp 

Hyp 

Hyp 

29 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

30 

Pro 

Pro 

Pro 

Pro 

Ala 

Ala 

5i 

nyp 

Hyp 

Hyp 

Ala 

Tal 

Ser 

32 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

35 

Ala 

Ala 

Ala 

Ala 

Ala 

Ala 

54 

Hj^p 

Hyp 

Hyp 

Hvr 

^ Jr 

Hyp 

Hyp 

35 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

36 

Pro 

Pro 

Pro 

Pro 

Pro 

Pro 

37 

Gin 

Gin 

Gin 

Gin 

Gin 

Gin 

38 

Gly 

Gly 

Gly 

Gly 

Gly 

Gly 

39 

Phe 

Phe 

Phe 

Phe 

Phe 

Phe 

40 

Gin 

Gin 

Gin 

Gin 

Gin 

Gin 


Giy 

Gly 

Gly 

Gly 

Gly 

^ -1 ,, 

42 

Pro 

Pro 

Pro 

Asn 

Pro 

Pro 

43 

Hyp 

Hyp 

Hyp 

Hyp 

Ala 

Hyp 


*Note the occurrence of Gly as every third residue, of Pro 

alvays in the second position, and of Hyp in the third position, 

from Gly (The latter may be partially hydroxylated) • 

-f- 

' Data from (24) 
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The Age of Computerization In Science 

1. Introduction and preview 

Prof. Narasimhaiah and friends, 

I am deeply grateful to your President Prof. Narasimhaiah 
for having invited me to give the Valedictory Address of your 
Science Forum, I wondered wnat would be the best topic that 
I could choose and I decided that it should be something with 
which I am closely familiar and which is occupying my current 
interests. Therefore, I chose this sub;}ect, since computation 
has been the mainstream of our scientific activities during 
the last 40 years or more, and we could consider examples from 
our own fields of interest as illustrations for the lecture. 

In this again, the scope of the talk will be restricted, 
since I am not a specialist in computer science as such. 
However, since I am quite familiar with its applications to 
mathematics, physics, biology, technology, and in recent yeai*s 
to logic, this would be a personal talk based on my experience 
with computation in these fields. I shall very briefly review 
the aspects of the growth of these subjects from the 40* s to 
the bO's as seen by a scientist, wno has used computer 
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can now improvise games using computers v/hich are even being 
utilized to train persons in the practice of games such as chess. 


Perhaps it may be worthwhile for me to recall the changes 
that have taken place in the utilization of computers in 
scientific research. When I entered the research field in 
physics in 19A2 under Prof. C.V. Raman, I was using only table 
calculators which were mechanical and which had to be cranked 
for each step of addition even for doing multiplication, and 
made sucn a grinding noise. In my doctorate study with Prof, 
Raman, I employed these almost incessantly for almost 1-2 years 
to grind out and test the formulae developed by us regarding 
the optical dispersion of crystals. Even when I went to 
Cambridge, England in 1949, the position was hardly different. 
Electrical calculators had come into use instead of mechanical 
ones, but these were only makes that imitated the mechanical 
calculators, and the only improvement was that the turning 
and shifting were done electrically by pressing a key, and 
they were much less noisy, Logarthmic tables still formed the 
essential assisting devices for doing calculations. However, 



5 


BSF Lecture 

15.7.87 


two suboects of crystal structure determination and the study 
of biomolecular structure and reactivity, are inextricably 
mixed together now-a-days. In both these fields, we in India 
have played quite a useful part in the development of the 
subject and some thirty years ago the work produced in India 
was of the same level as that obtaining in the best laboratories. 
This was possible because advanced facilities and computation 
had not yet become the dominant part of such investigations. 

I shall illustrate how in both these fields continued activity 
at the top level has come out of our laboratories so that 
even today we are ready to take up work in the advancing 
front of knowledge. 


Perhaps the most beautiful application of the consequences 
of Fourier transforms in crystallography is in the field of 
tomography, a subject that came into prominence in the 1970' s, 
and in which I had the good fortune to write one of the earliest 
papers on the application of very specialised techniques based on 
Fourier transforms^ for obtaining three-dimensional images from 
two-dimensional pictures. The theory vdiich we developed, based 
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of the developed world. But we lost the initiative mainly 
because computational facilities did not continue to be ajr 
the same level as the developed countries) and we are now 
slowly picking up the thread, thanks to the great stress being 
laid on thrust areas of research in recent years. 

I shall conclude the lecture by giving you some ideas on 
computation as applied to logic, reasoning^ and the processing 
of knowledge. The topic of artificial intelligence is much 
talked of now-a-days, but apparently, even in this intricate 
subject, newer approaches can be developed by trying to put 
in mathematical language, the essential principles of the 
reasoning process, considering it as a physical phenomenon 
subject to observation, analysis and systematization. I shall 
try to show you that the process of algorlthmising "reasoning" 
can be done and that it can also be computerized. If there is 
time, we shall discuss what this means in the ultimate limit 
where we can ask the question, whether computers can replace 
men for producing original ideas. If I may forestall what 
our conclusion will be, I feel that^ while the computers may 
increase speed, range | and scope, of thinking processes, it can 
never replace the originality and analytical power ol the 
human mind which form the *aBential basis of intelligence. 
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along the length of tne rope. In the case of a crystal, its 
x-ray diffraction pattern contains many reflections — of the 
order of 500 for a simple structure studied in the 50' s, 
which increased to some 10,000 in the 60’ s, and 100,000 to 
500,000 in the 70 's and 80' s. In principle, from the intensities 
of these reflections, it is possible to calculate the distribution 
of electron density in the repeating pattern of the crystals, 
and hence the positions of the atoms in the molecule, their 
spatial arrangement, the nature of the chemical bonds and so on. 
Fig.1 gives the essential principles involved in the mathematical 
reconstruction of the molecule from the x-ray diffraction pattern. 


Fig.1 : Essential formulae of x-ray crystallography 


In principle, the diffraction pattern, specified by F(hk-£), 
is the Fourier transform of the electron .density distribution 
Pixyz), as shown in £q.(l),and this equation is reversible 
and can be used to give the latter, in terms of the former, as 
in Eq.(3). But in practice, there is an unknown factor (hk/) 
in (2), vdiich has to be determined by special techniques, or 
has to be guessed by the crystallographer and then refined and 
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improved by calculation. In the 1950* s, there were no hard 

and fast methods for determining the phases in a general case, 

but computers were being applied for the arithmetical 

manipulations required in Eqs C3a) and (3b), and the increase 

in power of the computers has gone side by side with the increase 

in size of the molecular structures that were solved by x-ray 

crystallography. In the 60 * s^, mathematical theories for the 

determination of cL from |i(hlc ■^)\ were developed^ and the 

phase problem became more amenable to computerization. So also, 

the process of mounting a crystal and rotating it to various 

positions and re, cording reflection Intensities^ v.are also 

computerized and automatic diffractometers came into being. 

Thus, the labour involved in a crystal structure determination 

an 

has been minimized to/almost unbelievable extent during the 
last 30 years, by the progressive use of computers at every 
level of experiment and theory. In fact, 'people are talking 
of a completely computerized structure determination in which 

the crystal is oust fixed to the x-ray apparatus and everything 

^ . the is 

else is computer-implemented and/outcome /a series of diagrams 

indicating positions of the atoms in the crystal. 



Growth of x-rav crystallography In size and complexity 


Years 

Nature oi 
molecules 
(examples) 

Number of atoms 
in a molecule 

Number of 
reflections 

N 

(Maximum) 

Computers 

Memory 

Maximum 

In India 

1950 's 

Amino acids, 

peptides 

vitamins 

50 

20 

1,000 

Home-made 

Elliott-803 

8K 

1960’s 

Vitamin B12 
Proteins — 
first exacipJes 

1,000 

50 

10,000 

IBM-7090 

CDC-3600 

64K 

1970’ s 

Enzymes 
Immunoglobulin 
Transfer RNA 

10,000 

100 

100,000 

IBM-370 

DEC-10 

51 2 K 

1980‘s 

Viruses 

50 S Ribosome 
particle 

100,000 

10,000 

500,000 

CRAY-1 

CRAY-2 

Unlimited 
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I have been talking of molecules and their sizes. 

Fig. 4 gives an idea of the relative sizes of molecules, and 


Fig. 4 ; Molecular size comparison . 


the diagram is self-explanatory. The molecules shown at the 

top are simple organic compounds — • for example, lysine is an 

amino acid, and heme is a planar compound of great importance in 

the blood protein hemoglobin which is shown below. In the 

latter, the thick rod-like structures shown, actually consist 

a sequence of 

of a chain of atoms • composed of /amino acid residues and 
they are folded together in this convoluted form to make the 
biologically active blood protein hemoglobin^ which transports 
oxygen from the lungs to the tissues. The location of the heme 
molecule is also shown by the black discs in the figure. The 
increase in size of the protein molecule, in relation to small 
organic molecules, is clear from the figure. This jump in 
size took place in the early 60 's and this has gone up by 
another factor of 10-50 during the last twenty years, and even 
“living molecules” like viruses have been tackled in the last 


few years. 





BSF Lecture 

.13. 17.7.87 

3, Biomolecular structures 

Leaving aside crystallography as such, we may ask the 

large molecules, such as 

question — "Vhy does the molecular chain in|hemoglobin , 

take such a convoluted structurcj and how can this he understood 
from chemistry and physics, and how can this be correlated with 
biological activity?" Since this talk is not purely about 
biochemistry or biophysics, I shall only make brief comments 
about this. The essence of the process of protein folding is 
contained in Fig. 5. As will be seen from this, a protein molecule 

Fig, 5 i Folding of polypeptide chains 

is a long chain of repeating peptide units, each of which is one of 

20 different types, but which are closely similar, and differ 

only in what are known as side groups (R) , The chain is flexible , 

and therefore it folds back on itself and gets stabilized by 

“chemical bondd'such as — S— S— linkages, or "physical bonds" 
interactions and 

such as electrostatic I hydrogen bonds, occurring between different 
parts of the chain, which hold them together in the form of a 
loop or similar structures* It is natural that the whole 
molecule will take up a compact globular configuration having nearly 
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The amtno acids exist tn solution as doubly charged zwttterions 
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the two strands of the double heliXj or the three st/ands 
of the triple helix, as the case may be. Fig. 7(b) shows tne 
twist of the three strands around one another in the collagen 
triple helix. This twist is regular because the peptide 

Fig, 7 (a) Peptide chain configuration in myoglobin which is 

closely related to hemoglobin. 

(b) Twisted rope configuration of the collagen triple 
helix, 

tripeptide 

sequence in collagen is based on repeating / (— Gly— X— Y-) 

same 

and half of X and Y are also based on the /amino acid residue 

proline. On the other hand, the sequence is irregular and 
j , and 

diiferent in myoglobin, / this favours the formation of single 
c<-helical segments, which are then folded up to form a globular 
structure as in Fig. 7(a). 

Obviously, in checking the validity of such structures, 
and of the wide range of possibilities that may occur, computers 
have played a very important part. However, the early studies in 
the 50* s were mostly done without computers, and in fact a 
pioneering study of the principles governing these, which were 
published from Madras in 1963, was completely done with 
mechanical desk calculators, which tool almost a year to complete 
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(see Fig. 8). Now-a-days, / will take a fraction of a second 

on tne best computers. I shall not mention much about these 

theoretical ideas except to indicate that the two principal 

considerations that were put forv,'ard by us at that time have 

played a dominant part in all techniques involving molecular 

packing, and the fitting of molecular chains to electron density 

diagrans obtained from crystal structure determination, ever since. 

These are the use of dihedral angles (rotation angles), such as 

((i,'f)of Fig, b(a),and the idea that non-bonded atoms cannot come 
/ ' 

limiting 

closer than certain specified/distances, which was used for 
preparing the diagram in Fig. 8(b). These have been so well 


Fig, 8 (a) Rotation angles ^ and ^ specifying the configuration 
of a pair of peptide units. 

(b) The ( <5^ , 'Y' ) -plot of the observed configurations 
in myoglobin (marked as small circles.) 


computerized that^ now-a-days one can ;)ust feed in electron 
density and the chemical nature of the molecule and ask the 
computer to shift, turn and twist the molecule until the best 
fit with the electron density is obtained, subject to tte 
restrictions imposed by the limiting distances mentioned above. 
More about this later. 
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4 . Crystallography and Biology with gpeclal reference to drug design 

that have been developed for 

The precise techniques j energy minimization, and for the 


working out of the best possible 


Ca.O-JLVXX40 


have resulted in a body of knowledge which has vastly expanded 

of the 

our knowledge / physical chemistry, molecular biophysics and 
of the biological systems. 

biochemistry, / I shall illustrate these by a few examples. 


We had seen that the heme molecule in hemoglobin is located 
in between the different protein chains and the knowledge 
obtained by crystallography about the particular amino add 
residues near the location of the heme had led to a clear 

understanding of the mechanism of the function and reactivity 

the protein for also 

of /oxygen transport in blood. Simultaneously, it has/become 

"t/ yy?' 

clear that many biological conditions associated with/malfunction 
of hemoglobin can be attributed to changes in one or two 
amino acid residues produced by mutation. v Fig. 9 shows the 
location of the mutated residues for a large number of 


Fig. 9 Mutation sites in pathalogical hemoglobins. 


pathalogical hemoglobins. It will be seen that, though the amino 
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in a linear peptide chain ^ , 

sequence/may not show it, the x-ray crystallographic 

three-diffiensional structure shows that they often occur 

close to the region vhere the heme is held j or in the gaps 

between neighbouring molecules. Apart from this general 


feature, the knowledge obtained from crystallography has 

profoundly affected biochemical investigations for the 

of the blood, 

understanding of such diseases/ and has led even to the design 
of suitable chemical drugs lor alleviating the symptoms. 


Turning to more fundamental problems in biology^ 
such as the action of enzymes, the chemists had formulated 
the theory that enzymes, which regulate all biological reactions, 
did so by forming a close molecular fit v/ith the substrate 
molecule concerned. This was a conjuncture in the past, 
although a very reasonable one and much substantiated by all 
available knowledge. However, a confirming evidence in this 
matter has come only from cfystailographic studies. One of 
the earliest proteins to be solved, namely lysozyme which is 
shown in Fig, 10, displays this feature remarkably well. 

Fig. 10 molecular models of free lysozyme (left) 

and when bound to its substrate (right). 
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The first picture is that of the protein which is seen to have 
a cleft on its left, and the second picture is of the en 23 nne- 
suhstrate complex. It will be seen that the substrate and 
enzyme form a perfect fit and the theoretical postulation of 
molecular fit has been demonstrated in all detail by three- 
dimensional x-ray crystallography. 

I will therefore restrict myself to the subject of 
molecular fit, and give a few examples where crystallography, 
in combination with conformational theorey, has been applied 
to obtain information regarding this. Fig. 11 is a study made 
by Prof* Viswamitra of the Indian Institute of Science 


Fig. 11 : Space-filling models of (a) the antibiotic TANDEM 
and (b) its complex with DNA. 


in which he determined the molecular structure of an antibiotic 
TANDEI''!, shown in the top half of Fig. 11, which acts by binding 
with DNA. He could then show that this fits very well to the 
DNA double helix, as shown in the lower half. This idea has 
been employed in a number of studies for finding the basis of 
drug-molecule interactions. Such crystallographic studies 
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have even been extended to virus molecules and the interaction 
of antivirul agents with the virus. Fig. 12 is an example of a 
very recent study made by Prof. Rossman in Purdue University, USA. 

Fig. 12 : Crystallographic ally determined mode of binding of 
antiviral agent WIN to virus protein VPl - 

Not only does it show that the viral protein has a cavity which 
can be fitted by the antiviral agent WIN, so that the normal 
biochemical reactions involved in the reproduction of the virus 
molecule are inhibited, but it is also an example of the extent 
to which crystallography has progressed. The virus itself 
required 200,000 reflections for its structure determination. 

After that, the mode of attachment of the drug was determined 
by using vAiat is known as a difference-Fourier synthesis, 
in which the difference in intensities between x-ray diffraction 
patterns, of the pure virus and the v:^rus-drug complex, was 
used to find out the location of the drug molecule within the 
virus. Fig. 13 shows the electron density distribution of the 
drug molecule as reconstructed by a computer. It will be seen 

Fig, 13. Front page of Science magazine containing an 

illustration of the molecule of an antiviral agent 
fitted to the computer-displayed electron density cage. 


that it effectively indicates a cage within which the molecule 
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must b6 situst6d.j end tLs 6X3.ct locetion of the inolocule end 
its conformation can also be varied and fitted in, by employing 
the computer for on-line operation. I had the good fortune 
to advise some of the workers in this field of computer-fitting 
of molecules in USA in 1977-78, and this approach is 
universally employed both in crystallography and conformational 
theory now-a-days^and "computer graphics terminals" are even 
commercially available for this purpose. 

Conformational theory for molecular fit 

Coming back to theoretical calculations, Fig. 14 is an 
example where the crystal structure determination of an 


Fig. 14: Daunomycin fitted to DNA by energy minimization on 
a computer 

antibiotic (daunomycin) was the starting point of an attempt 

V 

to fit the molecule to the DNA double helix. The work was 
done in Prof, Pullman's laboratory in Paris, and as the figure 
will show, the fitting can be done readily by opening out the 
double helix in the region where the drug makes its entry, 

I wish to emphasize that this has not been done by constructing 
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a model, and then turning and twisting the molecular structure 

so as to obtain the fit, but purely yl^ the use of a computer. 

an 

On the other hand, the fitting of /inhibitor, .^s-P-P-P, to the 
active site of the enzyme thermolysin, which was carried out 
by Prof. Rao in Bangalore, was done, not automatically on a 
computer, but using the computer without on-line interaction. 
The investigator starts with a structure close to a reasonable 
fit, and then modifies it step by step, by feeding in and 
taking out the data from the computer in the form of drawings. 
This study showed that the inhibitor enters the enzyme in one 


Fig»15i Mode of attachment of the inhibitor _/-P-P-P which 
imitates the substrate of the enzyme thermolysin. 


configuration and then both its conformation, and that of the 
enzyme in the local region, are modified so as to obtain the 
best fit. The reason why I am showing this picture is to indicate 
that some of the latest ideas of this t3^e have been computerized 
right in our country and interesting consequences have been 
deduced. However, even with a computer at ones disposal, this 
is a long process requiring weeics or months. If only an interactive 
graphic display system, as has been used in all the advanced 
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countries, were made available, the time could be reduced to 
probably a week or two. In fact, as already mentioned, such 
systems are available commercially in USA and Japan, and 
I believe tnat it is time that such up-to-date equipment be 
made available to the capable scientists of our country. 

Emergence of the new field QSAR 

Such studies on molecular fit have opened many new 

avenues in the field of rational drug design, because drugs 

invariably eitner promote, or Inhibit, particular biological 

re act ions j either in the organism producing infection^or in the 

host for producing resistance. In fact, a new field entitled 

Quantitative Structure Activity Relationship (QSAR) has emerged 

during the last few years, and strategies are being developed 

for actively pursuing this for drug design. Fig. 16 shows the 
page 

title/ of a very interesting paper, on protein crystallography 
and computer graphics, published in the German journal Angewandte 

Fig, 16: Title page and flow chart about QSAR reproduced from 
a recent article. 


C] 3mie (Applied Chemistry)^ wnich emphasizes this aspect of 
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biomolecular physics. As will be seen from one of the liow 

charts in this report, computer graphics and theoretical 

a 

calculations play as import ant/part as the determination of 
three-dimensional structure bj'’ x-ray crystallography. i--ven 
regular symposia are held on this subject of OSAR ^ as will be 
seen from Fig. 16. 

j ^Computerizad Tomography 

Turning to the subject of tomography, my interests in 

this field dates from 1970 when some very interesting work was 

done along with Dr. Lakshminarayananj at the University of Chicago 

on the application of Fourier transforms and the novel technique 

the title page of 

of convolutions for this purpose. Fig. 17 shows/our first paper 
on the subject entitled "Reconstruction of substance from shadow" 

Fig. 17: Fourier transform equations formulated in polar 
coordinates for axial tomography-. 

As you will see from this, the Fourier transform Eq.(l), which 
is basic to this subject, is the same as that used in x-ray 
c^rystallography. However, although crystallographers had applied 
this technique lor finding out the three-dimensional structure 
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of virus particles from two-dimensional electron microscopic 
images in different directions, we suggested that this 
reconstruction is much faster oy employing polar coordinates 
for the Fourier transform as in Eqs. (2a, b)^ ^using the 
principle of axial tomography. In these, g{£ ; G) is the 
linear shadowgraphs at 0, and f(r, is the two-dimensional 
image that is reconstructed for a two-dimensional section at 
right angles to the axis of rotation. 

This was followed by another paper published in the 
Proceedings of the National Academy of Sciences, USA, whose 
title page is shown in Fig. 18. In this, the way in which a 
series of two-dimensional images can be converted into a 
three-dimensional reconstruction by axial tomography is shown 
in the diagram. In addition, a new modification of the Fourier 

method, which we called as the "convolution method" was presented 

this paper, and its / n / n 

in / oasic mathematics is shown in Eqs. (3), (4) and (5). 

Fig. 18: Principle of the convolution method of reconstruction 
in axial tomography. 


In this, the reconstructed two-dimensional image f(r , (j)) is 
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/modified shadowgraphs at c) , producea as a result 
of the convolution process shov/n in Eqs (4a, b). The detailed 
way in which the modified function is calculated is by the 
procedure given in Eqs (5a, b). The mathematics is not quite 
relevant to this lecture, but what is important is that^ 
as a consequence, the reconstruction can be performed almost 
a hundred times faster than the Fourier method and, as will be 
seen from Fig, 19, it is also about ten times more accurate. 

Fig. 19i Tables 1 and 3 reproduced from the PNAS paper 
showing the distinct advantage in speed and 
accuracy of the convolutio n method. 

Tables 1 and 3 of Fig. 19 are the comparative data of the 
accuracy and computing time required for the different methods 
of reconstruction , namely Cartesian Fourier transform (FTC), 
Polar Fourier transform (FTP) and Convolution (CON). The 
most interesting feature is that the larger the amount of 
data that is available from measurements for reconstruction, 
the faster is the convolution method relative to the Fourier 
method. This technique is applied widely in CAT-scan 
instruments particularly for medical radiography. 


I 
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troin these two physics! inethodsj other inisgiri^ techniques 
have come up, such as positron emission tomography, which are 
also finding increasing application, particularly in the 
early detection of cancer. We will not spend more time on 
this suboect except to say that this field has been one^ in 
which, not only were new matnematical approaches very effective, 
but the computational aspects were the ones that decided the 
practical applicability of the technique. In fact, a complete 
scientific journal entitled "The Journal of Computed Tomography" 
is being published, having come up to the tenth volume in 1986, 
which shows the outstandingly significant role of computation 
in modern medical research and practice. I believe that the 
convolution method has still greater potentialities by the 
inclusion of what is known as parallel processing in computation, 
which is being rapidly developed in recent years* 

7 . Computerization of Logic 

We shall now discuss the last topic of pay talk, namely 
computers for logic. This is a topic in which I have been 
working for the last ten years and much of it is still in the 
process of development. However, I thought I should Include 
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but v/hich at the same time is directly interpretable on the 
computer via Boolean algebra. I hope I will have time to 
indicate at least in a broad way its nature and its advantage. 

Essentially^ all computers have a central processing unit 

(CPU) in which the fundamental arithmetical operations of 

addition and multiplication are carried out, but not all 

instructions that have to be given to computers, for automatic 

control of machines and so on, are arithmetical, or in the form 

in which they can be converted into ordinary algebra. For 

instance, it will be necessary to compare one thing with 

carry 

another, and if the two are equal, it will /out one operation 
while if the two are different, another operation is to be 
performed. This is the simplest of what may be called a 
"logical operation". So also, we may be given a list of 
related entities /such as a is related to b, c and d, b is 
related to c, e and f, c is related to a, d and f, and so on. 
Then we have to answer the question — which are the entities 
that are related by the given relation to b, c and d ? In 
standard computer practice, these can be worked out, but tne 
procedures depend upon what are termed "goal-seeking searches'^ 
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SV/ITCHING CIRCUITS 



OR GATE AI© gate Inverter (NOT) 



The principles 
of these sv/itcl^ing 
circuits ar-e the 
basis of all 
computers. 


The three sets of tables are isomorphic to one another. 
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gives rise to the operation of subtraction by reversing the 
equation for it, as in (l), and similarly, multiplication leads 
to division by reversal of Eq.(2)ias given in Fig. 24, both 
of which are included in standard arithmetic. It is supposed 
that these "reverse" operations have no analogs in Boolean 
algebra which has only the properties of a "Boolean ring" 
in the parlance of modern algebra. However, this is not the 
case. On can, in fact, reverse the operations of Boolean sum 


Fig. 24: BA-2 algebra is essentially needed for the 

representation of reverse relations in classical logic. 


and Boolean product, by using tne corresponding analogs of 
the above two equations (1) and (2) for subtraction and division 
and thus obtain interesting consequences. These are shown 
in Fig. 24, and it will be seen that both types of reversal 
are possible for Boolean arithmetic, but that they lead to two 
more new "truth values", D and X, in addition to T and F of 
classical logic. 

Thus, BA-1 algebra is insufficient for representing fully 
all consequences in classical logic, in that T and F are not 
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enough to represent the extended algebra of the logical 
truth tables, and the reversal of the operations OR and AND 
leads to four different "truth values". V/iihout going into 
details, I may say that it is possible to build a matrix algebra^ 
in which the four states T, F, D, X are represented by 2-element 
Boolean vectors as shown in Eq.(3), which we have named Ba-2. 

The use of "or" and "and" between T and F for the states D and X 
is justified by the descriptions given in Eq.(3). There is no 
time to give details. 

This is not the end of the story, but the beginning of 
a whole new approach to logic . Perhaps the most significant 
feature of this approach is the recognition and symbolization 
of such reverse operators, viiich lead to what we have called 

"unary" relations. Thus, the truth tables for OR and AMI). 

as in Eqs.(1a) and (2a) of Fig. 25, 
can be taken over as 2x2 matrices,^ and the answer to a query 

such as, "If a AM) b is given to be true, and a is given as 

T (or F), \^hat is b in each case?" can be written in the 

language of Boolean vector-matrix formalism (BVMF) as inEqs. (1b,c) 
, . these 

and (2b, c). As will be seen from f , all the essential conclusions 

Fig. 25: Unary relations in BA-2 algebra anid in the general 
theory of relations. 
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mecie Lri Fi^. 24 sbout the corseQUBnces of the reversed, 
operators are reproduced in the examples l1b,c) and (2b, c) 
by this formalism. 

There is no time to taih about various applications 
of this vector-matrix formalism, using 2-vectors and 3-vectors, 
for the branches of logic known as propositional calculus and 
quantifier calculus. I shall, however, indicate the great 
convenience of the vector-matrix formalism in what is known as 
predicate calculus, which is most relevant to practical applications 
of logic. The basic formula that connects two sets of objects 
can be represented in this formalism by a matrix R • as 
shown in Eq.(4). Thus, suppose A^, A 2 ... \ are a number 
of persons and B 2 ... are the possible cities from 
which they come. Then, if A^ belongs to the city B 2 , we say 
that the element R ^2 relation ’’coming from city'”is 1^ 

and 0 otherwise. Thus, we obtain an array of R. . (i = 1 to m, 

0 s= 1 to n)j each of which is a Boolean number^ having only the 
values 1, 0. Then, if m = and we have a subset of A's 
consisting of A-|, A^, A^, then we can represent them by a 
5-element Boolean vector (a^,.a 2 , a 3 , a^, a^) = (1 o' 1 0 1). 
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1. ¥ho are ail the professors who teach the students s-j and S 2 ? 
S'|jS 2 gives GVS = (1 1 0 0 0) 

GUNH)T(,GVS,GM1) = GYP 
GYP =( 1110 ) —Ans: 


Yector representing given 
students 


Relation "student to professor" 
GM1 applied (la) 

Yector representing required 
professors. (lb) 


2. Which professors among P 2 and p, teach at least one of the 
students s.| , ? 

Input GYP1 =( 0101 ), GYS1 =(10100) 

GUNPnrtGYSI.GMl) = GYP, GYP = (1 0 1 I) s p. , P- , p, teach 

either s^ or S 2 

GVII3yA(GYP,GVPl) = GVP2 , GVP2 = (o 0 0 i) . Of these, only 

is contained in the (2b) 
input set P 2 , p^ 
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v.e give some examples in Fig. 27. 

i'he statements there are fairly self-explanatory in view 
of v/hat r.as been said earlier. In these problems also, v,'e 

Fig. 27: examples of logical ’’tongue-twisters" solved using 
xJ Vl-iF and 1 i/tT LOG 

deal with a set of five students and four professors, but 
consider two relations that can exist between them, namely 
P = "professor of", and E = "examiner of", whose matrices are 
given in (1), as GMP and GME,. (Note that this GMP is different 
from that in Fig. 2b.) Now we ask two questions as given in 
(a) and (b) of Fig. 27. It requires some effort to differentiate 
between the two in common language, but in BVMF, the two are 
given by quite different formulae, as in (3) and (4) of Fig. 27. 
Thereafter, we can leave it to the computer, and interestingly, 
the output vectors GVPA and GVPB, for the questions in (a) and (b), 
are quite different as given in (5). These mean that the answer 
to the first problem is that there is only one professor p^^ 
who satisfies both the conditions of this problem, while the 
answer to the second problem is that three professors p^ , P 2 , p^ 
satisfy the given conditions. I am giving this example to 

indicate how even such tricky problems- can be formulated in 
almost a single line in BVMF, and can be computerized via MATLOG. 


Criilli 
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As .'.Iready mentioned in the beginniA7> this does not 
at all mean that computers can replace human thought. 

The computer ccin onl^/ \.'ork out the answer to a query regarding 
the valicity of a conclusion in the forms : "yes, "no", 

"does not follow from the assumption" or "contradictory to 
known facts" j but it cannot suggest what questions should be 
asked to clinch the issue^if the deduction is found to be 
inconclusive. Much can be said on this inter-relationship 
between semantics and logic, but, in essence, we can say that 
the latter, which is the grammar of reasoning, can be 
computerized, while the former continues to be still in the 


realm of human endeavour 




. 16 , 


these 


Draft 

BSF Lecture 
18.7,87 


(see Fig. 8). Now-a-days, / will take a fraction of a second 

on tne best computers. I shall not mention much about these 

theoretical ideas except to indicate that the two principal 

considerations that were put forv,'ard by us at that time have 

played a dominant part in all techniques involving molecular 

packing, and the fitting of molecular chains to electron density 

diagrans obtained from crystal structure determination, ever since. 

These are the use of dihedral angles (rotation angles), such as 

((i,'f)of Fig, b(a),and the idea that non-bonded atoms cannot come 
/ ' 

limiting 

closer than certain specified/distances, which was used for 
preparing the diagram in Fig. 8(b). These have been so well 


Fig, 8 (a) Rotation angles ^ and ^ specifying the configuration 
of a pair of peptide units. 

(b) The ( <5^ , 'Y' ) -plot of the observed configurations 
in myoglobin (marked as small circles.) 


computerized that^ now-a-days one can ;)ust feed in electron 
density and the chemical nature of the molecule and ask the 
computer to shift, turn and twist the molecule until the best 
fit with the electron density is obtained, subject to tte 
restrictions imposed by the limiting distances mentioned above. 
More about this later. 
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Crystallography and Biology with gpecial reference to drug desi gn 

that have been developed for 

The precise techniques / energy minimization, and for the 


worKin^ out of tho bscTJ possioio conxiguraoions ci 


have resulted in a body of knowledge which has vastly expanded 
cf "the . 

our knowledge / physical chemistry, molecular biophysics and 
of the biological systems. 

biochemistry, / I shall illustrate these by a few examples. 


We had seen that the heme molecule in hemoglobin is located 

in between the different protein chains and the knowledge 

obtained by crystallography about the particular amino acid 

residues near the location of the heme had led to a clear 

understanding of the mechanism of the function and reactivity 
the protein for 

of/oxygen transport in blood. Simultaneously, it has/become 
clear that many biological conditions associated with/malfunction 
of hemoglobin can be attributed to changes in one or two 
amino acid residues produced by mutation.s Fig. 9 shows the 
location of the mutated residues for a large number of 


Fig. 9 Mutation sites in pathalogical hemoglobins. 


pathalogical hemoglobins. It will be seen that, 'though the amino 
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in a linear peptide chain ^ , 

sequence/may not show it, the x-ray crystallographic 

three-diffiensional structure shows that they often occur 

close to the region vhere the heme is held j or in the gaps 

between neighbouring molecules. Apart from this general 


feature, the knowledge obtained from crystallography has 

profoundly affected biochemical investigations for the 

of the blood, 

understanding of such diseases/ and has led even to the design 
of suitable chemical drugs lor alleviating the symptoms. 


Turning to more fundamental problems in biology^ 
such as the action of enzymes, the chemists had formulated 
the theory that enzymes, which regulate all biological reactions, 
did so by forming a close molecular fit v/ith the substrate 
molecule concerned. This was a conjuncture in the past, 
although a very reasonable one and much substantiated by all 
available knowledge. However, a confirming evidence in this 
matter has come only from cfystailographic studies. One of 
the earliest proteins to be solved, namely lysozyme which is 
shown in Fig, 10, displays this feature remarkably well. 

Fig. 10 molecular models of free lysozyme (left) 

and when bound to its substrate (right). 
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The first picture is that of the protein which is seen to have 
a cleft on its left, and the second picture is of the en 23 nne- 
suhstrate complex. It will be seen that the substrate and 
enzyme form a perfect fit and the theoretical postulation of 
molecular fit has been demonstrated in all detail by three- 
dimensional x-ray crystallography. 

I will therefore restrict myself to the subject of 
molecular fit, and give a few examples where crystallography, 
in combination with conformational theorey, has been applied 
to obtain information regarding this. Fig. 11 is a study made 
by Prof* Viswamitra of the Indian Institute of Science 


Fig. 11 : Space-filling models of (a) the antibiotic TANDEM 
and (b) its complex with DNA. 


in which he determined the molecular structure of an antibiotic 
TANDEI''!, shown in the top half of Fig. 11, which acts by binding 
with DNA. He could then show that this fits very well to the 
DNA double helix, as shown in the lower half. This idea has 
been employed in a number of studies for finding the basis of 
drug-molecule interactions. Such crystallographic studies 
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have even been extended to virus molecules and the interaction 
of antivirul agents with the virus. Fig. 12 is an example of a 
very recent study made by Prof. Rossman in Purdue University, USA. 

Fig. 12 : Crystallographic ally determined mode of binding of 
antiviral agent WIN to virus protein VPl - 

Not only does it show that the viral protein has a cavity which 
can be fitted by the antiviral agent WIN, so that the normal 
biochemical reactions involved in the reproduction of the virus 
molecule are inhibited, but it is also an example of the extent 
to which crystallography has progressed. The virus itself 
required 200,000 reflections for its structure determination. 

After that, the mode of attachment of the drug was determined 
by using vAiat is known as a difference-Fourier synthesis, 
in which the difference in intensities between x-ray diffraction 
patterns, of the pure virus and the v:^rus-drug complex, was 
used to find out the location of the drug molecule within the 
virus. Fig. 13 shows the electron density distribution of the 
drug molecule as reconstructed by a computer. It will be seen 

Fig, 13. Front page of Science magazine containing an 

illustration of the molecule of an antiviral agent 
fitted to the computer-displayed electron density cage. 


that it effectively indicates a cage within which the molecule 
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must b6 situst6d.j end tLs 6X3.ct locetion of the inolocule end 
its conformation can also be varied and fitted in, by employing 
the computer for on-line operation. I had the good fortune 
to advise some of the workers in this field of computer-fitting 
of molecules in USA in 1977-78, and this approach is 
universally employed both in crystallography and conformational 
theory now-a-days^and "computer graphics terminals" are even 
commercially available for this purpose. 

Conformational theory for molecular fit 

Coming back to theoretical calculations, Fig. 14 is an 
example where the crystal structure determination of an 


Fig. 14: Daunomycin fitted to DNA by energy minimization on 
a computer 

antibiotic (daunomycin) was the starting point of an attempt 

V 

to fit the molecule to the DNA double helix. The work was 
done in Prof, Pullman's laboratory in Paris, and as the figure 
will show, the fitting can be done readily by opening out the 
double helix in the region where the drug makes its entry, 

I wish to emphasize that this has not been done by constructing 
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a model, and then turning and twisting the molecular structure 

so as to obtain the fit, but purely yl^ the use of a computer. 

an 

On the other hand, the fitting of /inhibitor, .^s-P-P-P, to the 
active site of the enzyme thermolysin, which was carried out 
by Prof. Rao in Bangalore, was done, not automatically on a 
computer, but using the computer without on-line interaction. 
The investigator starts with a structure close to a reasonable 
fit, and then modifies it step by step, by feeding in and 
taking out the data from the computer in the form of drawings. 
This study showed that the inhibitor enters the enzyme in one 


Fig»15i Mode of attachment of the inhibitor _/-P-P-P which 
imitates the substrate of the enzyme thermolysin. 


configuration and then both its conformation, and that of the 
enzyme in the local region, are modified so as to obtain the 
best fit. The reason why I am showing this picture is to indicate 
that some of the latest ideas of this t3^e have been computerized 
right in our country and interesting consequences have been 
deduced. However, even with a computer at ones disposal, this 
is a long process requiring weeics or months. If only an interactive 
graphic display system, as has been used in all 'the advanced 
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countries, were made available, the time could be reduced to 
probably a weeK or two. In fact, as already mentioned, such 
systems are available commercially in USA and Japan, and 
I believe tnat it is time that such up-to-date equipment be 
made available to the capable scientists of our country. 

Emergence of the new field QSAR 

Such studies on molecular fit have opened many new 

avenues in the field of rational drug design, because drugs 

invariably eitner promote, or inhibit, particular biological 

reactions} either in the organism producLng infectionjor in the 

host for producing resistance. In fact, a new field entitled 

Quantitative Structure Activity Relationship (QSAR) has emerged 

during the last few years, and strategies are being developed 

for actively pursuing this for drug design. Fig. 16 shows the 
page 

title/ of a very interesting paper, on protein crystallography 
and computer graphics, published in the German journal Angewandte 

Fig, 16 : Title page and flow chart about QSAR reproduced from 
a recent article. 

Cl amie (Applied Chemistry)^ wnich emphasizes this aspect of 
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biomolecular physics. As will be seen from one of the liow 

charts in this report, computer graphics and theoretical 

a 

calculations play as import ant/part as the determination of 
three-dimensional structure bj'’ x-ray crystallography. i--ven 
regular symposia are held on this subject of OSAR ^ as will be 
seen from Fig. 16. 

j ^Computerizad Tomography 

Turning to the subject of tomography, my interests in 

this field dates from 1970 when some very interesting work was 

done along with Dr. Lakshminarayananj at the University of Chicago 

on the application of Fourier transforms and the novel technique 

the title page of 

of convolutions for this purpose. Fig. 17 shows/our first paper 
on the subject entitled "Reconstruction of substance from shadow" 

Fig. 17: Fourier transform equations formulated in polar 
coordinates for axial tomography-. 

As you will see from this, the Fourier transform Eq.(l), which 
is basic to this subject, is the same as that used in x-ray 
c^rystallography. However, although crystallographers had applied 
this technique lor finding out the three-dimensional structure 
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of virus particles from two-dimensional electron microscopic 
images in different directions, we suggested that this 
reconstruction is much faster oy employing polar coordinates 
for the Fourier transform as in Eqs. (2a, b)^ ^using the 
principle of axial tomography. In these, g{£ ; G) is the 
linear shadowgraphs at 0, and f(r, is the two-dimensional 
image that is reconstructed for a two-dimensional section at 
right angles to the axis of rotation. 

This was followed by another paper published in the 
Proceedings of the National Academy of Sciences, USA, whose 
title page is shown in Fig. 18. In this, the way in which a 
series of two-dimensional images can be converted into a 
three-dimensional reconstruction by axial tomography is shown 
in the diagram. In addition, a new modification of the Fourier 

method, which we called as the "convolution method" was presented 

this paper, and its / n / n 

in / oasic mathematics is shown in Eqs. (3), (4) and (5). 

Fig. 18: Principle of the convolution method of reconstruction 
in axial tomography. 


In this, the reconstructed two-dimensional image f(r , (j)) is 
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/modified shadowgraphs at c) , producea as a result 
of the convolution process shov/n in Eqs (4a, b). The detailed 
way in which the modified function is calculated is by the 
procedure given in Eqs (5a, b). The mathematics is not quite 
relevant to this lecture, but what is important is that^ 
as a consequence, the reconstruction can be performed almost 
a hundred times faster than the Fourier method and, as will be 
seen from Fig, 19, it is also about ten times more accurate. 

Fig. 19i Tables 1 and 3 reproduced from the PNAS paper 
showing the distinct advantage in speed and 
accuracy of the convolutio n method. 

Tables 1 and 3 of Fig. 19 are the comparative data of the 
accuracy and computing time required for the different methods 
of reconstruction , namely Cartesian Fourier transform (FTC), 
Polar Fourier transform (FTP) and Convolution (CON). The 
most interesting feature is that the larger the amount of 
data that is available from measurements for reconstruction, 
the faster is the convolution method relative to the Fourier 
method. This technique is applied widely in CAT-scan 
instruments particularly for medical radiography. 
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troin these two physics! inethodsj other inisgiri^ techniques 
have come up, such as positron emission tomography, which are 
also finding increasing application, particularly in the 
early detection of cancer. We will not spend more time on 
this suboect except to say that this field has been one^ in 
which, not only were new matnematical approaches very effective, 
but the computational aspects were the ones that decided the 
practical applicability of the technique. In fact, a complete 
scientific journal entitled "The Journal of Computed Tomography" 
is being published, having come up to the tenth volume in 1986, 
which shows the outstandingly significant role of computation 
in modern medical research and practice. I believe that the 
convolution method has still greater potentialities by the 
inclusion of what is known as parallel processing in computation, 
which is being rapidly developed in recent years* 

7 . Computerization of Logic 

We shall now discuss the last topic of pay talk, namely 
computers for logic. This is a topic in which I have been 
working for the last ten years and much of it is still in the 
process of development. However, I thought I should Include 
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but v/hich at the same time is directly interpretable on the 
computer via Boolean algebra. I hope I will have time to 
indicate at least in a broad way its nature and its advantage. 

Essentially^ all computers have a central processing unit 

(CPU) in which the fundamental arithmetical operations of 

addition and multiplication are carried out, but not all 

instructions that have to be given to computers, for automatic 

control of machines and so on, are arithmetical, or in the form 

in which they can be converted into ordinary algebra. For 

instance, it will be necessary to compare one thing with 

carry 

another, and if the two are equal, it will /out one operation 
while if the two are different, another operation is to be 
performed. This is the simplest of what may be called a 
"logical operation". So also, we may be given a list of 
related entities /such as a is related to b, c and d, b is 
related to c, e and f, c is related to a, d and f, and so on. 
Then we have to answer the question — which are the entities 
that are related by the given relation to b, c and d ? In 
standard computer practice, these can be worked out, but tne 
procedures depend upon what are termed "goal-seeking searches'^ 
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OR GATE AI© gate Inverter (NOT) 



The principles 
of these sv/itcl^ing 
circuits ar-e the 
basis of all 
computers. 


The three sets of tables are isomorphic to one another. 
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gives rise to the operation of subtraction by reversing the 
equation for it, as in (l), and similarly, multiplication leads 
to division by reversal of Eq.(2)ias given in Fig. 24, both 
of which are included in standard arithmetic. It is supposed 
that these "reverse" operations have no analogs in Boolean 
algebra which has only the properties of a "Boolean ring" 
in the parlance of modern algebra. However, this is not the 
case. On can, in fact, reverse the operations of Boolean sum 


Fig. 24: BA-2 algebra is essentially needed for the 

representation of reverse relations in classical logic. 


and Boolean product, by using tne corresponding analogs of 
the above two equations (1) and (2) for subtraction and division 
and thus obtain interesting consequences. These are shown 
in Fig. 24, and it will be seen that both types of reversal 
are possible for Boolean arithmetic, but that they lead to two 
more new "truth values", D and X, in addition to T and F of 
classical logic. 

Thus, BA-1 algebra is insufficient for representing fully 
all consequences in classical logic, in that T and F are not 
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enough to represent the extended algebra of the logical 
truth tables, and the reversal of the operations OR and AND 
leads to four different "truth values". V/iihout going into 
details, I may say that it is possible to build a matrix algebra^ 
in which the four states T, F, D, X are represented by 2-element 
Boolean vectors as shown in Eq.(3), which we have named Ba-2. 

The use of "or" and "and" between T and F for the states D and X 
is justified by the descriptions given in Eq.(3). There is no 
time to give details. 

This is not the end of the story, but the beginning of 
a whole new approach to logic . Perhaps the most significant 
feature of this approach is the recognition and symbolization 
of such reverse operators, viiich lead to what we have called 

"unary" relations. Thus, the truth tables for OR and AMI). 

as in Eqs.(1a) and (2a) of Fig. 25, 
can be taken over as 2x2 matrices,^ and the answer to a query 

such as, "If a AM) b is given to be true, and a is given as 

T (or F), \^hat is b in each case?" can be written in the 

language of Boolean vector-matrix formalism (BVMF) as inEqs. (1b,c) 
, . these 

and (2b, c). As will be seen from f , all the essential conclusions 

Fig. 25: Unary relations in BA-2 algebra anid in the general 
theory of relations. 


.35. 


BSF Lecture 
24.7.87 


mecie Lri Fi^. 24 sbout the corseQUBnces of the reversed, 
operators are reproduced in the examples l1b,c) and (2b, c) 
by this formalism. 

There is no time to taih about various applications 
of this vector-matrix formalism, using 2-vectors and 3-vectors, 
for the branches of logic known as propositional calculus and 
quantifier calculus. I shall, however, indicate the great 
convenience of the vector-matrix formalism in what is known as 
predicate calculus, which is most relevant to practical applications 
of logic. The basic formula that connects two sets of objects 
can be represented in this formalism by a matrix R • as 
shown in Eq.(4). Thus, suppose A^, A 2 ... \ are a number 
of persons and B 2 ... are the possible cities from 
which they come. Then, if A^ belongs to the city B 2 , we say 
that the element R ^2 relation ’’coming from city'”is 1^ 

and 0 otherwise. Thus, we obtain an array of R. . (i = 1 to m, 

0 s= 1 to n)j each of which is a Boolean number^ having only the 
values 1, 0. Then, if m = and we have a subset of A's 
consisting of A-|, A^, A^, then we can represent them by a 
5-element Boolean vector (a^, . a2, a3, a^, a^) = (1 0 1 0 1) . 
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1. ¥ho are ail the professors who teach the students s-j and S 2 ? 
S'|jS 2 gives GVS = (1 1 0 0 0) 

GUNH)T(,GVS,GM1) = GYP 
GYP =( 1110 ) —Ans: 


Yector representing given 
students 


Relation "student to professor" 
GM1 applied (la) 

Yector representing required 
professors. (lb) 


2. Which professors among P 2 and p, teach at least one of the 
students s.| , ? 

Input GYP1 =( 0101 ), GYS1 =(10100) 

GUNPnrtGYSI.GMl) = GYP, GYP = (1 0 1 I) s p. , P- , p, teach 

either s^ or S 2 

GVII3yA(GYP,GVPl) = GVP2 , GVP2 = (o 0 0 i) . Of these, only 

is contained in the (2b) 
input set P 2 , p^ 
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v.e give some examples in Fig. 27. 

i'he statements there are fairly self-explanatory in view 
of v/hat r.as been said earlier. In these problems also, v,'e 

Fig. 27: examples of logical ’’tongue-twisters" solved using 
xJ Vl-iF and 1 i/tT LOG 

deal with a set of five students and four professors, but 
consider two relations that can exist between them, namely 
P = "professor of", and E = "examiner of", whose matrices are 
given in (1), as GMP and GME,. (Note that this GMP is different 
from that in Fig. 2b.) Now we ask two questions as given in 
(a) and (b) of Fig. 27. It requires some effort to differentiate 
between the two in common language, but in BVMF, the two are 
given by quite different formulae, as in (3) and (4) of Fig. 27. 
Thereafter, we can leave it to the computer, and interestingly, 
the output vectors GVPA and GVPB, for the questions in (a) and (b), 
are quite different as given in (5). These mean that the answer 
to the first problem is that there is only one professor p^^ 
who satisfies both the conditions of this problem, while the 
answer to the second problem is that three professors p^ , P 2 , p^ 
satisfy the given conditions. I am giving this example to 

indicate how even such tricky problems- can be formulated in 
almost a single line in BVMF, and can be computerized via MATLOG. 


Criilli 
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As .'.Iready mentioned in the beginniAm, this does not 
at all mean that computers can replace human thought. 

The computer catn onl^/ 'w'ork out the answer to a query regarding 
the valicity of a conclusion in the forms : "yes, "no", 

"does not follow from the assumption" or "contradictory to 
known facts" j but it cannot suggest what questions should be 
asKed to clinch the issue^if the deduction is found to be 
inconclusive . Much can be said on this inter-relationship 
between semantics and logic, but, in essence, we can say that 
the latter, which is the grammar of reasoning, can be 
computerized, while the former continues to be still in the 
realm of human endeavour. 
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troin these two physics! inethodsj other inisgiri^ techniques 
have come up, such as positron emission tomography, which are 
also finding increasing application, particularly in the 
early detection of cancer. We will not spend more time on 
this suboect except to say that this field has been one^ in 
which, not only were new matnematical approaches very effective, 
but the computational aspects were the ones that decided the 
practical applicability of the technique. In fact, a complete 
scientific journal entitled "The Journal of Computed Tomography" 
is being published, having come up to the tenth volume in 1986, 
which shows the outstandingly significant role of computation 
in modern medical research and practice. I believe that the 
convolution method has still greater potentialities by the 
inclusion of what is known as parallel processing in computation, 
which is being rapidly developed in recent years* 

7 . Computerization of Logic 

We shall now discuss the last topic of pay talk, namely 
computers for logic. This is a topic in which I have been 
working for the last ten years and much of it is still in the 
process of development. However, I thought I should Include 
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but v/hich at the same time is directly interpretable on the 
computer via Boolean algebra. I hope I will have time to 
indicate at least in a broad way its nature and its advantage. 

Essentially^ all computers have a central processing unit 

(CPU) in which the fundamental arithmetical operations of 

addition and multiplication are carried out, but not all 

instructions that have to be given to computers, for automatic 

control of machines and so on, are arithmetical, or in the form 

in which they can be converted into ordinary algebra. For 

instance, it will be necessary to compare one thing with 

carry 

another, and if the two are equal, it will /out one operation 
while if the two are different, another operation is to be 
performed. This is the simplest of what may be called a 
"logical operation". So also, we may be given a list of 
related entities /such as a is related to b, c and d, b is 
related to c, e and f, c is related to a, d and f, and so on. 
Then we have to answer the question — which are the entities 
that are related by the given relation to b, c and d ? In 
standard computer practice, these can be worked out, but tne 
procedures depend upon what are termed "goal-seeking searches'^ 
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gives rise to the operation of subtraction by reversing the 
equation for it, as in (l), and similarly, multiplication leads 
to division by reversal of Eq.(2)ias given in Fig. 24, both 
of which are included in standard arithmetic. It is supposed 
that these "reverse" operations have no analogs in Boolean 
algebra which has only the properties of a "Boolean ring" 
in the parlance of modern algebra. However, this is not the 
case. On can, in fact, reverse the operations of Boolean sum 


Fig. 24: BA-2 algebra is essentially needed for the 

representation of reverse relations in classical logic. 


and Boolean product, by using tne corresponding analogs of 
the above two equations (1) and (2) for subtraction and division 
and thus obtain interesting consequences. These are shown 
in Fig. 24, and it will be seen that both types of reversal 
are possible for Boolean arithmetic, but that they lead to two 
more new "truth values", D and X, in addition to T and F of 
classical logic. 

Thus, BA-1 algebra is insufficient for representing fully 
all consequences in classical logic, in that T and F are not 
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enough to represent the extended algebra of the logical 
truth tables, and the reversal of the operations OR and AND 
leads to four different "truth values". V/iihout going into 
details, I may say that it is possible to build a matrix algebra^ 
in which the four states T, F, D, X are represented by 2-element 
Boolean vectors as shown in Eq.(3), which we have named Ba-2. 

The use of "or" and "and" between T and F for the states D and X 
is justified by the descriptions given in Eq.(3). There is no 
time to give details. 

This is not the end of the story, but the beginning of 
a whole new approach to logic . Perhaps the most significant 
feature of this approach is the recognition and symbolization 
of such reverse operators, viiich lead to what we have called 

"unary" relations. Thus, the truth tables for OR and AMI). 

as in Eqs.(1a) and (2a) of Fig. 25, 
can be taken over as 2x2 matrices,^ and the answer to a query 

such as, "If a AM) b is given to be true, and a is given as 

T (or F), \^hat is b in each case?" can be written in the 

language of Boolean vector-matrix formalism (BVMF) as inEqs. (1b,c) 
, . these 

and (2b, c). As will be seen from f , all the essential conclusions 

Fig. 25: Unary relations in BA-2 algebra anid in the general 
theory of relations. 
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mecie Lri Fi^. 24 sbout the corseQUBnces of the reversed, 
operators are reproduced in the examples l1b,c) and (2b, c) 
by this formalism. 

There is no time to taih about various applications 
of this vector-matrix formalism, using 2-vectors and 3-vectors, 
for the branches of logic known as propositional calculus and 
quantifier calculus. I shall, however, indicate the great 
convenience of the vector-matrix formalism in what is known as 
predicate calculus, which is most relevant to practical applications 
of logic. The basic formula that connects two sets of objects 
can be represented in this formalism by a matrix R • as 
shown in Eq.(4). Thus, suppose A^, A 2 ... \ are a number 
of persons and B 2 ... are the possible cities from 
which they come. Then, if A^ belongs to the city B 2 , we say 
that the element R ^2 relation ’’coming from city'”is 1^ 

and 0 otherwise. Thus, we obtain an array of R. . (i = 1 to m, 

0 s= 1 to n)j each of which is a Boolean number^ having only the 
values 1, 0. Then, if m = and we have a subset of A's 
consisting of A-|, A^, A^, then we can represent them by a 
5-element Boolean vector (a^,.a 2 , a 3 , a^, a^) = (1 o' 1 0 1). 
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1. ¥ho are ail the professors who teach the students s-j and S 2 ? 
S'|jS 2 gives GVS = (1 1 0 0 0) 

GUNH)T(,GVS,GM1) = GYP 
GYP =( 1110 ) —Ans: 


Yector representing given 
students 


Relation "student to professor" 
GM1 applied (la) 

Yector representing required 
professors. (lb) 


2. Which professors among P 2 and p, teach at least one of the 
students s.| , ? 

Input GYP1 =( 0101 ), GYS1 =(10100) 

GUNPnrtGYSI.GMl) = GYP, GYP = (1 0 1 I) s p. , P- , p, teach 

either s^ or S 2 

GVII3yA(GYP,GVPl) = GVP2 , GVP2 = (o 0 0 i) . Of these, only 

is contained in the (2b) 
input set P 2 , p^ 
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v.e give some examples in Fig. 27. 

i'he statements there are fairly self-explanatory in view 
of v/hat r.as been said earlier. In these problems also, v,'e 

Fig. 27: examples of logical ’’tongue-twisters" solved using 
xJ Vl-iF and 1 i/tT LOG 

deal with a set of five students and four professors, but 
consider two relations that can exist between them, namely 
P = "professor of", and E = "examiner of", whose matrices are 
given in (1), as GMP and GME,. (Note that this GMP is different 
from that in Fig. 2b.) Now we ask two questions as given in 
(a) and (b) of Fig. 27. It requires some effort to differentiate 
between the two in common language, but in BVMF, the two are 
given by quite different formulae, as in (3) and (4) of Fig. 27. 
Thereafter, we can leave it to the computer, and interestingly, 
the output vectors GVPA and GVPB, for the questions in (a) and (b), 
are quite different as given in (5). These mean that the answer 
to the first problem is that there is only one professor p^^ 
who satisfies both the conditions of this problem, while the 
answer to the second problem is that three professors p^ , P 2 , p^ 
satisfy the given conditions. I am giving this example to 

indicate how even such tricky problems- can be formulated in 
almost a single line in BVMF, and can be computerized via MATLOG. 


Criilli 
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As .'.Iready mentioned in the he ginning f this does not 
at all mean that computers can replace human thought. 

The computer can only \.'ork out the answer to a query regarding 
the valicity of a conclusion in the forms : "yes, "no", 

"does not follow from the assumption" or "contradictory to 
known facts" j but it cannot suggest what questions should be 
asKed to clinch the issue^if the deduction is found to be 
inconclusive . Much can be said on this inter-relationship 
between semantics and logic, but, in essence, we can say that 
the latter, which is the grammar of reasoning, can be 
computerized, while the former continues to be still in the 
realm of human endeavour. 
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enough to represent the extended algebra of the logical 
truth tables, and the reversal of the operations OR and AND 
leads to four different "truth values". V/iihout going into 
details, I may say that it is possible to build a matrix algebra^ 
in which the four states T, F, D, X are represented by 2-element 
Boolean vectors as shown in Eq.(3), which we have named Ba-2. 

The use of "or" and "and" between T and F for the states D and X 
is justified by the descriptions given in Eq.(3). There is no 
time to give details. 

This is not the end of the story, but the beginning of 
a whole new approach to logic . Perhaps the most significant 
feature of this approach is the recognition and symbolization 
of such reverse operators, viiich lead to what we have called 

"unary" relations. Thus, the truth tables for OR and AMI). 

as in Eqs.(1a) and (2a) of Fig. 25, 
can be taken over as 2x2 matrices,^ and the answer to a query 

such as, "If a AM) b is given to be true, and a is given as 

T (or F), \^hat is b in each case?" can be written in the 

language of Boolean vector-matrix formalism (BVMF) as inEqs. (1b,c) 
, . these 

and (2b, c). As will be seen from f , all the essential conclusions 

Fig. 25: Unary relations in BA-2 algebra anid in the general 
theory of relations. 


.35. 


BSF Lecture 
24.7.87 


mecie Lri Fi^. 24 sbout the corseQUBnces of the reversed, 
operators are reproduced in the examples l1b,c) and (2b, c) 
by this formalism. 

There is no time to taih about various applications 
of this vector-matrix formalism, using 2-vectors and 3-vectors, 
for the branches of logic known as propositional calculus and 
quantifier calculus. I shall, however, indicate the great 
convenience of the vector-matrix formalism in what is known as 
predicate calculus, which is most relevant to practical applications 
of logic. The basic formula that connects two sets of objects 
can be represented in this formalism by a matrix R • as 
shown in Eq.(4). Thus, suppose A^, A 2 ... \ are a number 
of persons and B 2 ... are the possible cities from 
which they come. Then, if A^ belongs to the city B 2 , we say 
that the element R ^2 relation ’’coming from city'”is 1^ 

and 0 otherwise. Thus, we obtain an array of R. . (i = 1 to m, 

0 s= 1 to n)j each of which is a Boolean number^ having only the 
values 1, 0. Then, if m = and we have a subset of A's 
consisting of A-|, A^, A^, then we can represent them by a 
5-element Boolean vector (a^,.a 2 , a 3 , a^, a^) = (1 o' 1 0 1). 
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1. ¥ho are ail the professors who teach the students s-j and S 2 ? 
S'|jS 2 gives GVS = (1 1 0 0 0) 

GUNH)T(,GVS,GM1) = GYP 
GYP =( 1110 ) —Ans: 


Yector representing given 
students 


Relation "student to professor" 
GM1 applied (la) 

Yector representing required 
professors. (lb) 


2. Which professors among P 2 and p, teach at least one of the 
students s.| , ? 

Input GYP1 =( 0101 ), GYS1 =(10100) 

GUNPnrtGYSI.GMl) = GYP, GYP = (1 0 1 I) s p. , P- , p, teach 

either s^ or S 2 

GVII3yA(GYP,GVPl) = GVP2 , GVP2 = (o 0 0 i) . Of these, only 

is contained in the (2b) 
input set P 2 , p^ 
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v.e give some examples in Fig. 27. 

i'he statements there are fairly self-explanatory in view 
of v/hat r.as been said earlier. In these problems also, v,'e 

Fig. 27: examples of logical ’’tongue-twisters" solved using 
xJ Vl-iF and 1 i/tT LOG 

deal with a set of five students and four professors, but 
consider two relations that can exist between them, namely 
P = "professor of", and E = "examiner of", whose matrices are 
given in (1), as GMP and GME,. (Note that this GMP is different 
from that in Fig. 2b.) Now we ask two questions as given in 
(a) and (b) of Fig. 27. It requires some effort to differentiate 
between the two in common language, but in BVMF, the two are 
given by quite different formulae, as in (3) and (4) of Fig. 27. 
Thereafter, we can leave it to the computer, and interestingly, 
the output vectors GVPA and GVPB, for the questions in (a) and (b), 
are quite different as given in (5). These mean that the answer 
to the first problem is that there is only one professor p^^ 
who satisfies both the conditions of this problem, while the 
answer to the second problem is that three professors p^ , P 2 , p^ 
satisfy the given conditions. I am giving this example to 

indicate how even such tricky problems- can be formulated in 
almost a single line in BVMF, and can be computerized via MATLOG. 


Criilli 
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As .'.Iready mentioned in the beginniAm, this does not 
at all mean that computers can replace human thought. 

The computer catn onl^/ 'w'ork out the answer to a query regarding 
the valicity of a conclusion in the forms : "yes, "no", 

"does not follow from the assumption" or "contradictory to 
known facts" j but it cannot suggest what questions should be 
asKed to clinch the issue^if the deduction is found to be 
inconclusive . Much can be said on this inter-relationship 
between semantics and logic, but, in essence, we can say that 
the latter, which is the grammar of reasoning, can be 
computerized, while the former continues to be still in the 
realm of human endeavour. 




.38. 


Lectur- 

r7-7.87 


v.e give some examples in Fig. 27. 

i'he statements there are fairly self-explanatory in view 
of v/hat r.as been said earlier. In these problems also, v,'e 

Fig. 27: examples of logical ’’tongue-twisters" solved using 
xJ Vl-iF and 1 i/tT LOG 

deal with a set of five students and four professors, but 
consider two relations that can exist between them, namely 
P = "professor of", and E = "examiner of", whose matrices are 
given in (1), as GMP and GME,. (Note that this GMP is different 
from that in Fig. 2b.) Now we ask two questions as given in 
(a) and (b) of Fig. 27. It requires some effort to differentiate 
between the two in common language, but in BVMF, the two are 
given by quite different formulae, as in (3) and (4) of Fig. 27. 
Thereafter, we can leave it to the computer, and interestingly, 
the output vectors GVPA and GVPB, for the questions in (a) and (b), 
are quite different as given in (5). These mean that the answer 
to the first problem is that there is only one professor p^^ 
who satisfies both the conditions of this problem, while the 
answer to the second problem is that three professors p^ , P 2 , p^ 
satisfy the given conditions. I am giving this example to 

indicate how even such tricky problems- can be formulated in 
almost a single line in BVMF, and can be computerized via MATLOG. 


Criilli 



. 41 . 


BSF Lecture 
28 . 7.07 


As .'.Iready mentioned in the beginnin^r, this does not 
at ail mean t;iat computers can replace human thought. 

The computer ccin onl^/ \.'ork out the answer to a query regarding 
the valicity of a conclusion in the forms : "yes, "no", 

"does not follow from the assumption" or "contradictory to 
known facts" j but it cannot suggest what questions should be 
asiced to clinch the issue^if the deduction is found to be 
inconclusive. Much can be said on this inter-relationship 
between semantics and logic, but, in essence, we can say that 
the latter, which is the grammar of reasoning, can be 
computerized, while the former continues to be still in the 


realm of human endeavour 







